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Summary 
This thesis presents Computational Fuel Cell Dynamics (CFCD) approaches to 
analyze the enhanced performance of typical forced convection and self air-breathing 
PEM fuel cells (ABFC). The mathematical framework used in the simulation is a 
comprehensive two/three dimensional, multi-component, multiphase, non-isothermal, 
time-dependent transport computation model, performed using the commercial CFD 
software (FLUENT 6.3.16) with a PEMFC add-on module and self-developed user 
subroutines. 
User Defined Functions are developed for the simulation code for constant relative 
humidity, stoichiometric ratio and entropy irreversibility heat source generation. This 
model is validated on the basis of close agreement with relevant published experimental 
data for both forced and free convection PEMFC. 
For forced convection fuel cells, a flow structure which delivers the reactant 
transversely to the membrane electrode assembly (MEA) using an impinging jet 
configuration on the cathode side is proposed. The flow structure is modeled to examine 
its effectiveness to enhanced fuel cell performance, especially at high current densities. 
Larger flow rate is found to deteriorate PEMFC performance due to membrane 
dehumidification. A single impinging jet outperforms the conventional channel flow 
configuration by 80% at high current densities. A multiple impinging jet design is further 
suggested as an effective way to achieve flow and species uniformity; this results in a 
more uniform and higher catalyst utilization. It can also lower the fuel cell temperature 
and alleviate flooding as the fresh reactant from each jet can remove excess water vapor. 
ix 
Compared to a single impinging jet, a multiple jet gives up to 14% predicted 
enhancement at a high current density of about 2 A/cm2. 
For the self air-breathing PEMFC (ABFC), the effect of geometric factors (e.g. 
channel length and height), device orientation (horizontal, vertical or an inclined angle), 
and O2 transfer configuration (channel vs. planar) have been investigated using the 
validated model. When anode inlet is fully humidified, electro-osmotic drag (EOD) 
outweighs back-diffusion for water transport across the membrane. The planar air-
breathing fuel cell can outperform the channel design by about 5%. The channel air-
breathing fuel cell prefers larger openings whereas the planar prefers the opposite. This 
new finding establishes the relationship between dominant mass transport modes with the 
length scale of fuel cells. Based on the simulation results, an optimum design for the air-
breathing fuel cell is proposed. 
Finally, this thesis seeks to give a better understanding of design for the enhanced 
performance of PEMFC (both forced convection and air-breathing fuel cells). This 
requires the optimal combination of improved reactant mass transport for the 
electrochemical reaction and keeps the right membrane water content for ionic transfer 
without causing flooding of the gas diffusion layer. 
x 
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wJ  Molar flux of water due to back diffusion mol/m
2s 
k Thermal conductivity of humid gas, W/mK 
ks Thermal conductivity of solid matrix W/mK 
keff Mixture averaged thermal conductivity W/mK 
K Electrokinetic permeability m2 
Kp Hydraulic permeability of membrane,  m2 
m Mass kg 
Mi,j Molecular weight of species i and j kg/kmol 
Nf Flux of fixed charge mol/m2.s 
Ni,j Superficial gas-phase flux of species i averaged over a 
differential volume element, which is small with 
respect to the overall dimensions of the system, but 
large with respect to the pore size 
mol/m2.s 
n Number of moles of electrons transferred in the 
reaction 
- 
nd Electro-osmotic drag coefficient - 
p Pressure Pa 
satp  Saturation pressure of water at operating temperature Pa 
Q Charge Coulomb 
rw Condensation rate kg/m3s 
R Ideal gas constants 8.314 J/mol.K 
xxii 
Re Reynolds number - 
s Entropy kJ/mol.K 
s Saturation level of liquid water - 
Se Energy source term, rate of energy transported per 
unit volume 
W/m3 
Sm Momentum source term, rate of momentum 
transported per unit volume 
N/m3s 
Ss,i Species i source term, rate of mass transported per 
unit volume 
kg/m3.s 
S Source term representing volumetric transfer current A/m3 
Sh Sherwood number - 
T Temperature K, C 
u,v,w Velocity in x,y,z direction m/s 
u  Mean flow velocity m/s 
V Voltage V 
v  Velocity vector m/s 
xi Mole fraction of species i - 
yi Mass fraction of species i - 






ABFC Air Breathing Fuel Cell 
BC Boundary Condition 
CFCD Computational Fuel Cell Dynamics 
GDL Gas Diffusion Layer 
EOD Electro Osmotic Drag 
HRR Hydrogen Reduction Reaction 
IJ-PEMFC Impinging Jet Configuration in PEMFC 
MEA Membrane Electrode Assembly 
MIJ-PEMFC Multiple Impinging Jet PEMFC 
MP-GDL Macro Porous GDL; permeability value is 1e-09m2 
NFD Net Flow Distributor 
OOR Oxygen Oxidation Reaction 
PEMFC Polymer Electrolyte Membrane Fuel Cell or  
Proton Exchange Membrane Fuel Cell 
RH Relative Humidity 
SC Straight Channel 




Greek Symbol Description Values/Units 
 Molar flux of water due to electro-osmotic drag mol/m2s 
 Charge transfer coefficient in Butler-Volmer equation - 
 Protonic conductive coefficient in membrane proton 
conductivity equation 
- 
mem Coefficient for adapted membrane properties  
T  Thermal expansion coefficient K-1 
2O  Oxygen mass expansion coefficient (mol/m3)-1 
OH2  Water vapor mass expansion coefficient (mol/m3)-1 
 Concentration dependence in Butler-Volmer equation - 
 Average distance between reaction surface and cell 
center 
m 
 Efficiency - 
 Porosity - 









  - 
 Surface tension at the gas-liquid interface 0.0625 N/m 
 Specific reacting surface area of the catalyst layer, or 
surface to volume ratio 
1/m 
 Over potential V 
act Activation over potential V 
conc Concentration over potential V 
ohmic Ohmic over potential V 
 Stoichiometric coefficient - 
xxv 
 Water content - 
 Material permeability m2 
 Dynamic viscosity kg/ms 
 Density kg/m3 
 Conductivity 1/.m 
 Shear stress Pa 
 Tortuosity in porous media - 
 Kinematics viscosity m2/s 
 Protonic conduction coefficient in membrane proton 
conductivity equation 
- 
 Electric potential V 




eff Effective property 
o Denotes standard or reference state 









f Fixed charge 
GDL Gas Diffusion Layer 
CAT Catalyst Layer 
i,j Species i, j 
l Liquid water 
L Limiting current density 
leak Leakage current density 
sol Solid phase 
mem Membrane phase 




Chapter One: Introduction 
1.1 Fuel Cell Overview 
A fuel cell is an electrochemical device in which the energy of chemical reaction is 
converted directly into electricity. For instance, in the polymer electrolyte membrane fuel 
cell (PEMFC), electricity is formed without combustion when hydrogen reacts with 
oxygen from air. Water and heat are the only byproducts when hydrogen is used as the 
fuel source. It is effectively a replacement for the internal combustion engine in 
transportation due to its higher energy efficiency and negligible emissions. It can also be 
a substitute for batteries for portable electronics due to its potentially higher energy 
density and near zero recharge time. Its applications include portable devices, 
transportation, stationary power plants, space shuttles etc. 
Fuel cells are in fact a nineteenth-century invention. Its principle was discovered by 
the German scientist Christian Friedrich Schonbein in 1838. Based on his work, the first 
fuel cell was developed by the Welsh scientist Sir William Grove in 1843. This cell used 
similar materials to the modern phosphoric acid fuel cell. Since then, there has been no 
major developmental work on the fuel cell due to its high manufacturing and material 
costs. However, due to the recent rising costs of fossil fuels and the increasing concern 
with the environmental impact of pollutants and greenhouse gases, fuel cells have 
emerged as a more promising and viable solution. 
There are several different types of classification for fuel cells, each based on 
different criteria: type of fuel used, operating temperature, type of electrolytes etc. Table 
1.3 shows the distinct characteristics for the six types of fuel cells commonly available in 
the market today. 
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Generally, fuel cell applications have the unique advantage of being quiet (no moving 
parts) and clean (reduced air pollution and green house emissions such as NOx and SOx). 
They also enable improved efficiency for transportation, allow independent scaling 
between power (determined by fuel cell size) and capacity (determined by fuel storage 
size), and have a low temperature start-up (e.g. 600C for PEMFC). However, certain 
disadvantage of fuel cells lies in making it commercially available for consumer usage. 
These include high cost of fuel cell, low volumetric power density compared to I.C. 
engines and batteries, and the various issues regarding safety, availability, storage and 
distribution of pure hydrogen fuel. 
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1.2 Fuel Cell Thermodynamics and Electrochemistry 
A study of thermodynamics uncovers the “ideal case” for fuel cell performance while 
an analysis of electrochemistry reveals its the kinetic limitations and defines the 
“practical case” for fuel cell performance. This section summarizes the important 
equations used in fuel cell thermodynamics and electrochemistry and gives a basic 
understanding of fuel cell performance and their characteristics. 
1.2.1 Theoretical Limit 
Fuel cell thermodynamics provides the theoretical limit for fuel cell performance. 
This includes fuel cell potential, efficiency and net output voltage. It also provides the 
basis for evaluating the effect of pressure and temperature on fuel cell systems. 
The thermal potential of fuel is given by the enthalpy change of reaction, h , while 
the work potential of fuel is given by Gibb’s free energy change, g . Both are expressed 
in molar units, kJ/mol. In fuel cell electrochemical energy conversion, not all of the 
energy potential of fuel can be utilized to perform useful electrical work. For an 
isothermal process, g  is equal to h  if the entropy change s  is zero, as given by 
equation 1.1. 
sThg          (1.1) 
The reversible potential of the fuel cell, Erev (or terms electromotive force, EMF of 
the cell), is related to Gibb’s free energy as given by equation 1.2. For a H2-O2 fuel cell 
under standard state conditions, Erev = 1.23V. 
nF
gE rev           (1.2) 
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Nernst’s equation is used to describe the variation of Erev with reactant/product 
(chemical) activities. As we are dealing with H2-O2 PEMFC, , the Nernst equation (1.3) 
will be expressed in terms of partial pressure of reactant and product gases (e.g.
2H
p ) for 
convenience. It intrinsically includes the effect of pressure on Erev, but does not account 











RTEE         (1.3) 
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s is generally negative, therefore Erev tends to decrease with increasing temperature; and 
gn represents change in the total number of moles of gas upon reaction. Nevertheless, 
the pressure and temperature have a minimal effect on Erev. 
Maximum theoretical efficiency of conventional heat/expansion engine is described 




TT          (1.6) 
For fuel cell, the maximum theoretical efficiency is not bound by the Carnot cycle, 







 1max         (1.7) 
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From Carnot equation, the reversible efficiency of heat engine improves as operating 
temperature increases. However, reversible efficiency of a fuel cell decreases as 
operating temperature increases. The real efficiency of a fuel cell can be expressed by 
combining the effects of thermodynamics, irreversible kinetic losses, and fuel utilization 
















g        (1.8) 
1.2.2 Fuel Cell Performance 
Fuel cell electrochemistry allows one to model electrode kinetics, activation over-
potential, current and voltage in a fuel cell. The equations help to predict how fast 
reactants are converted into electric current and how much energy loss occurs during the 
actual electrochemical reaction. The actual fuel cell performance will develop operating 
voltage, V, lower than Erev when current density, i (A/cm2), is drawn from the 
















Figure 1.1: Typical PEMFC polarization curve 
conc dominated region 
ohmic dominated region act dominated region 
Erev = 1.22V 
Fuel cross over and 
internal current 
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The actual voltage developed by fuel cell is lower than the theoretical model due to 
fuel cross-over from anode to cathode through the electrolyte (membrane) and internal 
currents. The three major voltage losses that result in the drop from open circuit voltage 
is (i) activation over potential (act); (ii) Ohmic over potential (ohmic) and (iii) 
concentration over potential (conc). It can be represented by the mathematical statement 
in equation 1.9 (O'Hayre et al, 2006). 
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RTc       (1.9) 
act corresponds to voltage losses in order to overcome the catalyst activation barrier and 
convert reactants into products in an electrochemical process. Generally, Butler-Volmer 
equation (c.f. equation 3.1 in Chapter 3) can be used to describe the relationship between 
current density (i) and act. In equation 1.9, Tafel equation based on simplified Butler-
Volmer equation is used. The 2nd and 3rd terms on RHS of eqn. 1.9 is the act from both 
anode (A) and cathode (C), where 0i  is the exchange current density (A/cm
2),  is the 
charge transfer coefficient and b is the Tafel slope. 
The 4th term on the RHS of eqn. 1.9 is ohmic based on area specific resistance (ASR, 
.cm2). This is the simplest cause of potential loss in fuel cell. 
The last term on RHS of eqn. 1.9 is the conc resulting from the reactant depletion/product 
accumulation in the catalyst layer that leads to fuel cell deterioration. 
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1.3 Polymer Electrolyte Membrane (PEM) Fuel Cells 
1.3.1 Components 
Figure 1.2 shows a 2D schematic diagram to illustrate various components and 
operating principles of a single PEMFC. 
 
Figure 1.2: 2D schematic diagram of a single fuel cell 
As shown in Figure 1.2, a single PEMFC cell consists of the following components: 
1. Polymer Electrolyte Membrane 
The membrane in PEMFC is where the protons travel through from anode to cathode 


































sulfonic acid proton conducting polymer (e.g. Nafion from Dupont). The performance is 
characterized by high ionic conductivity (and low electronic conductivity) and the 
adequate strength needed to prevent the reactants from crossing over. The membrane-
electrolyte is hydrophilic. The presence of water content is essential for its conductivity 
because protons shuttle from anode to cathode by means of the hydronium (H3O+) ion. 
For all operations, temperature is limited to 1000C because of the loss of water by 
evaporation from the membrane. Membrane thickness is also important as a thinner 
membrane minimizes ohmic resistance losses but risks hydrogen cross-over to cathode, 
producing parasitic currents. Typical membrane thickness is in the range of 5 – 200m 
(Kolde et al, 1995). The role for membrane in PEMFC is to provide ionic conduction, 
reactant separation and water transport. 
2. Catalyst Layer 
The catalyst layer is a thin agglomerate-type structure where electrochemical 
reactions occur. The catalyst in PEMFC is usually made of platinum and its alloys. Fine 
particles of catalyst are dispersed on a high-surface area carbon in the active layer of the 
electrode in order to minimize platinum loading. Its performance is characterized by 
surface area of platinum by mass of carbon support and the typical Pt loading used is 
about 0.4 mg/cm2. Most of the catalyst layer thickness reported in the literature is about 
10 m (Ticianeli et al, 1988). The catalyst layer initiates electrochemical reaction 
associated with the relevant reactant consumption and product generation, ad also 




3. Gas Diffusion Layer (GDL) 
The gas diffusion layer (GDL) provides electrical and ionic contact between electrodes 
and bipolar plate, and distributes reactants to the catalyst layers. Besides, they also allow the 
water produced to exit the electrode structure and permit passage of water between electrodes 
and flow channels. The layer is made of porous carbon cloth or carbon paper, impregnated 
with a proton-conducting membrane to maximize the 3D reaction zone. It contains about 
30% Teflon to make it hydrophobic and prevent water from blocking ready access of 
reactants to the active layer. The thicknesses of various GDL materials vary between 170 
to 400 m (Spiegel, 2008), with porosity of about 0.4 (O'Hayre et al, 2006). 
4. Bipolar plates and flow channels 
The bipolar plate is used to separate different cells in a fuel cell stack and it is made 
of graphite containing a resin to reduce porosity. Flow channels (parallel, serpentine, 
inter-digitated and etc) are machined in graphite plates to feed the reactant gases to the 
GDL. Optimum flow channel area can be determined, as in some cases a larger channel 
area is required for minimal gas transport pressure loss. However, a larger land area 
contact between bipolar plate and GDL is necessary for minimum electrical contact 
resistance and ohmic losses (Larminie and Dirks, 2003). Practically, in a portable 
PEMFC, the thickness of bipolar plate is about 3mm, while the footprints that 
sandwiching MEA is approximately 5cm x 5cm. 
1.3.2 Operating Principles 
From Figure 1.2, the basic operating principle involves four physical transport 
phenomena described as follow. Many illustrations can be found in Larminie and Dicks 
(2003), Barbir (2005), O'Hayre et al (2006), Li (2006) and Spiegel (2007a,b). 
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A. Reactant transport 
Fuel and oxidizer streams enter through the flow channels that are carved into the 
bipolar plate. Reactants are transported by diffusion and/or convection to the catalyst 
layer through an electrically conductive GDL. The GDL serves the dual purpose of 
transporting firstly, reactants and products to and from the electrode, and secondly, 
electrons to and from the bipolar plates to the reaction site. Efficient delivery of reactants 
is accomplished by using flow field plates in combination with porous electrode 
structures. This is an important research area for fuel cell thermo-fluids and component 
design. 
B. Electrochemical reaction 
An electrochemical oxidation reaction at the anode produces electrons that flow 
through the bipolar plate/cell interconnect to the external circuit, while ions pass through 
the electrolyte to the opposing electrode. The electrons return from the external circuit to 
participate in the electrochemical reduction reaction at the cathode. Choosing the right 
catalyst and carefully designing reaction zones is an important task for fuel cell catalysis 
and electrochemistry research. 
C. Ionic and electronic conduction 
During operation of the hydrogen fuel cell, hydrogen is ionized (oxidation) into 
protons and electrons at the anode. The protons are then transported through the 
electrolyte to the cathode, and the electrons moved to the cathode, through the external 
circuit (the load). A thin electrolyte layer for ionic conduction without fuel cross over is 
crucial in the fuel cell membrane science. 
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D. Product Removal 
At the cathode, oxygen (in most cases from air) combines with the protons and 
electrons (reduction) to produce water. “Flooding” by product water can be major issue in 
PEMFC and requires research in fuel cell modeling and system integration. 
Thus, the overall reaction in the cell is the spontaneous reaction of hydrogen and 
oxygen to produce electricity and water. 
1.3.3 Water Transport 
Sufficient water content in polymer membrane is required to sustain membrane 
protonic conductivity. However, excess water in the fuel cell system can cause flooding 
and blockage of the pores in GDL. These two competing phenomena pose a great 
challenge to achieve optimum operating humidity. Figure 1.3 shows the various water 
transport phenomena existing within the PEMFC. 
 
Figure 1.3: Various water transport phenomena in PEMFC 
Anode Electrolyte Cathode
Water produced within 
cathode 
Water is dragged from anode to cathode sides by protons 
moving through electrolyte (electro-osmotic drag) 
Water is back diffused from cathode to anode, if 
cathode side holds more water 
Water is supplied by externally 
humidifying hydrogen supply 
Water is removed by circulating 
hydrogen 
Water is removed by O2 depleted air 
leaving the fuel cell 
Water is supplied by externally 
humidifying air/O2 supply 
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For electro-osmotic drag, 1 to 2½ water molecules are dragged for every proton 
moving from anode to cathode. Water molecules can also diffuse back from cathode to 
anode, if the water concentration at the cathode is higher. Besides, externally humidifying 
fuel/oxidant also constitutes to water transport in PEMFC. In general, keeping the 
PEMFC at right humidity level for optimum membrane humidification is a complex and 
delicate task. The modeling tool is useful in carrying out the simulation, optimization and 
prediction for the enhanced fuel cell performance. 
1.3.4 Mass Transport Limitation 
Table 1.2 summarizes the mass transport implications and limitations in the various 
components of PEMFC. 
Table 1.2: Mass Transport Limitation in PEMFC 
Component Mass Transport Implication Where mass transport 
limitation exists 
Air/H2 channel To provide homogenous 
distribution of reactants across 
an electrode surface while 
minimizing pressure drop and 
maximizing water removal 
capability 




Cathode/Anode GDL Porous electrode support to 
reinforce catalyst, allow easy 
gas access to catalyst layer, and 
enhances electrical 
conductivity  
Liquid water flooding 
block the pores for gas 




Electrochemical reaction takes 
place at the catalyst layer, 
consume reactant (H2 and O2) 
and generate product (H2O) 
Poor total reaction surface 
area (catalyst loading) for 
optimal electrochemical 
performance  
Membrane To separate the air and H2 
while allowing liquid water and 
ionic transport across 
membrane 
Membrane dry-out at high 





The mass transport resistances practically exist in all the components of PEMFC. 
These include the mass convection and diffusion resistance for neutral gas species (H2, 
O2 and H2O), liquid water transport resistance arising from electrical potential and 
pressure gradient and electrical resistance due to ion migration, convection and diffusion 
for charged species (H+ and electrons). Therefore, increasing the mass transport rate for 
gas, liquid and ions in the various components of PEMFC can yield enhanced cell 
performance. 
The key components affecting PEM fuel cell performance are: 
1. Slow kinetic rate of O2 reduction reactions in the cathode. 
2. Slow oxygen transport rate due to cathode flooding (excess liquid water). 
3. Mass transfer limitations due to nitrogen barrier layer effects in the porous layer. 
 
 
1.4 Research Objectives and Methodology 
The objectives of this thesis are: 
1. To develop and validate the 3D, non-isothermal, multiphase Computational Fuel Cell 
Dynamics (CFCD) models with the experimental data for both forced convection and 
self air breathing fuel cell (ABFC).  
2. To explore new design concepts for enhancing the mass transport process in both 
forced convection PEMFC and ABFC and to further extend the fuel cell performance 
at high current densities. 
3. To carry out an experimental study in order to investigate and facilitate greater 
understanding of the critical parameters for fuel cell performance. 
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To achieve these objectives, the following research methodologies are used: 
1. Carry out a 3D single domain simulation for the entire assembly of PEMFC, 
consisting of a current collector, gas channel, GDL, catalyst layer (for anode and 
cathode) and membrane. Both the User Defined Function (UDF) and PEMFC Add-
On Module available in commercial FLUENT 6.3 CFD package are employed in this 
computational modeling. This computational model includes multi phase liquid water 
saturation and membrane water content transport. 
2. Compare model prediction with literature data and experimental results available 
from Temasek Poly, Singapore. Carry out detailed parametric study in order to 
identify parameters that are critical for fuel cell operation. 
3. For mass transport augmentation in forced convection PEMFC, the validated model is 
used to simulate and study the newly proposed flow distributors which deliver the 
reactant transversely to the MEA using single and multiple impinging jet 
configurations. 
4. For numerical modeling of the enhanced ABFC performance, the newly proposed 
time-dependent simulation methodology coupling with ambient reservoir boundary 
condition is employed. The effect of geometry factors (e.g. channel length and width), 







1.5 Thesis Outline 
 Chapter Two provides a brief state-of-the-art literature review on PEMFC modeling 
and validation, various mass transport enhancement techniques for forced convection 
fuel cell, recent research in Air Breathing Fuel Cells (ABFC) as well as the 
multiphase-model employed in the Computational Fuel Cell Dynamic (CFCD). 
 Chapter Three describes the assumptions and governing equations used in the CFCD 
analysis of this thesis. It also elucidates the coupling between various transport 
phenomenons in the PEMFC model and the relevant boundary conditions. 
 Chapter Four presents the model validation results, including a parametric study for a 
typical 3D flow channel, a comparison with various experimental data and a detailed 
description on both global and local comparison using the validated data from the 
relevant literature. 
 Chapter Five discusses the result of a newly proposed flow structure for enhanced 
PEMFC performance using both single and multiple impinging jet configurations. 
 Chapter Six discusses improved methodology and several proposed innovative 
designs for enhanced ABFC performance. 
 Chapter Seven summarizes the conclusions and suggestions for future R & D work. 
 Appendix 6 shows the setting up of a PEMFC experimental rig carried out in 
collaboration with two undergraduate students and some relevant results. 
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Chapter Two: Literature Review 
This chapter explores the literature on PEMFC modeling. It includes: (1) the review 
of modeling work; (2) a 1D analytical analysis; and (3) 2D/3D numerical simulations, 
which is often termed Computational Fuel Cell Dynamics (CFCD). Previous works on 
model validation will also be reviewed. It is noted that most of the CFD models 
developed lack accurate data (e.g. geometry parameters, material properties or operating 
conditions) for necessary validation. Literature on the mass transport enhancement 
techniques, self air-breathing design and multiphase modeling for PEMFC will also be 
discussed. The objective of this thesis is a research on enhanced performance with 
impinging jet configurations and air-breathing fuel cells. This objective can be justified 
through a review of the above published literature. 
 
2.1 Review of Prior Publications on PEMFC Models 
Ma et al (2005) have reviewed the numerous Computational Fuel Cell Dynamics 
(CFCD) work and concluded that most of the advanced fuel cell models developed by 
several research groups and CFD vendors still lack of comprehensive modeling capability. 
A model must account for the detailed processes involving chemistry, electrochemistry, 
ion and charge transport, heat generation and development of stresses in a fuel cell. A 
number of fundamental issues, such as species diffusion in porous electrodes, catalytic 
electrochemical reactions, water management in a hydrolyte polymer membrane, fuel 
internal reforming and transient processes modeling have yet to be understood well. 
Sousa et al. (2005) mentioned that modeling allows detail studies on the electro-
catalysis of the reactions involved, as well as the design of water management schemes to 
17 
avoid membrane dehydration. They concluded that both water transport through the 
membranes and oxygen diffusion effects in the gas diffusion electrode can be the limiting 
factors to fuel cell performance. A two-phase modeling of PEMFC was advocated, as the 
inclusion of liquid water formation and transport can improve model fidelity. 
Cheddie et al (2005) categorized fuel cell models as analytical, semi-empirical or 
mechanistic. They further sub-divided the mechanistic model based on solution strategy, 
single domain or multi-domain. Single domain is highly recommended for CFD codes, as 
no internal boundary conditions and conditions of continuity need to be specified. 
Bıyıkoğlu (2005) carried out a detailed literature survey on both PEMFC models and 
experimental tests. For the modeling part, he tabulated the various aspects associated with 
numerical simulations such as objectives, transport phenomena included in the models, 
the limitations incurred, solution techniques used, assumptions made, commercial 
software employed as well as comparison with relevant experimental data from different 
groups of researchers. He also noted that a comprehensive fuel cell model should be able 
to describe the key physical processes such as homogenous current density distribution, 
stable cell operation by controlling water flow within the cell and keeping membrane 
hydration, avoiding porous electrode flooding and ensuring uniform cell temperature 
through efficient heat removal capability. 
Recently, Siegel (2008) presented a literature review of PEMFC models ranging from 
1D single component to 3D multiphase models. These models focus mainly on heat and 
mass transfer aspects. Siegel (2008) summarized the various modeling strategies, 
assumptions, computational techniques, numerical algorithms, model accuracy and 
convergence problems encountered in the modeling. He also presented an overview of 
18 
the commonly used simulation software for fuel cell modeling e.g. FLUENT, COMSOL 
Multi-physics, STAR-CD, CFD-ACE+, NADigest FDEM and OpenFoam. He postulated 
that such PEMFC CFCD tools may not necessarily provide precise values for every 
computed quantity over the computational domain, but rather would provide trends over 
a wide range of operating conditions. 
 
2.2 Computational Fuel Cell Dynamics (CFCD) 
The local transport phenomena of flow, energy, chemical species and ionic transfer in 
PEM fuel cells are difficult to observe and measure by experiment. Computational 
modeling is an alternative approach to understand fuel cell performance related to the 
transport processes and electrochemical relations. Numerous researchers have focused on 
different aspects of the PEM fuel cell, and it is difficult to categorize the different fuel 
cell models since they vary in terms of the number of dimensions analyzed, modeling 
domains and complexity. However, a general trend can be established. In the early 1990s, 
most models were exclusively one dimensional, isothermal and often focused only on the 
electrode, catalyst layer and membrane. Towards late 1990s, the models became more 
elaborate and included multi-dimensionality (2D or 3D) and multiphase flow. Since then, 
researchers have begun to apply Computational Fuel Cell Dynamics (CFCD) method for 
fuel cell modeling. Some of the important modeling approaches will be mentioned in the 
following sections. 
Bernardi and Verbrugge (1991, 1992) are considered pioneers in fuel cell modeling. 
They published a one-dimensional, isothermal model for the gas diffusion electrodes, the 
catalyst layer and the membrane. These provide valuable information on the physics of 
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the electrochemical reactions and transport phenomena in these regions in general. In 
1991, they developed a model addressing water management and species transport in the 
gas diffusion layer. This one-dimensional (1-D) computational domain consists of a 
cathode gas channel and a gas diffusion layer attached to the membrane. The analysis of 
this model focuses on polarization characteristics, water transport, and catalyst utilization. 
As an extension to the previous model, in 1992, Bernardi and Verbrugge published a 
complete model with both anode and cathode sides. In this model, the authors focus on 
the calculations of the activation overpotential, membrane resistance loss and ohmic loss 
in the gas diffusion layers due to electron transport. Anode activation is also accounted 
for in this model. Overall, the electrochemical treatments in this model are very 
comprehensive. However, the drawbacks of this model are its one dimensionality and 
isothermal assumption. 
Springer et al. (1991, 1993) are also pioneers in fuel cell modeling. They presented an 
isothermal, one-dimensional, steady state model for a PEM fuel cell with a hydrated 
Nafion-117 membrane. The unique feature of this model is the empirical relation for 
calculating membrane conductivity based on water content in the membrane. Also, 
membrane water content at the interface was determined by the activity of water vapor at 
the electrode/membrane interface. The electro-osmotic drag coefficient, i.e. the ratio of 
the number of water molecules transported across the membrane per proton, is also 
calculated based on the membrane water content. These correlations are widely used in 
FLUENT PEMFC models, and are shown in constitutive Equations 3.42 to 3.48. 
Fuller and Newman (1993) were the first to publish a quasi two-dimensional model of 
the MEA, which is based on the concentration solution theory for the membranes and 
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accounts for thermal effects. However, details of that model were not given. This makes 
it difficult to compare it with other experimental results. Quasi two-dimensionality is 
obtained by solving a one-dimensional through-the-membrane problem and integrating 
the solutions at various points in the down-the-channel direction. 
Nguyen and White (1993) presented a steady, two-dimensional heat and mass transfer 
model. The computational domain consisted of all essential components such as gas flow 
channels, gas diffusion layers, catalyst layers, and membrane. This model takes into 
consideration water transport across the membrane by electro-osmosis and diffusion, - the 
net water flux across the membrane is calculated based on the difference between the 
electro-osmotic drag and back diffusion from the cathode to the anode. It also accounts 
for varying activation overpotential as a function of local current density and oxygen 
partial pressure. 
Yi and Nguyen (1998) further extended the Nguyen and White (1993) model to 
develop an along-the-channel model. This model includes the convective water transport 
across the membrane caused by pressure gradient, temperature distribution in the solid 
phase along the flow channel and heat removal through natural convection, co-flow; and 
counter-flow heat exchangers. Effectiveness of various humidification design, higher 
cathode gas pressure and heat removal schemes can be evaluated using this model. 
Gurau et al. (1998) also applied computational fluid dynamics to PEMFC. They 
began with a two-dimensional model consisting of both the anode and cathode sides. This 
model fully accounted for mass transport of reactant species which were simplified in 
earlier models. The application of CFD to fuel cell modeling has resulted in several 
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advanced models that are three-dimensional (Berning, Lu and Djilali, 2002) and two 
phase (Z.H. Wang, C.Y. Wang and Chen, 2001). 
Wöhr et al. (1998) developed a one-dimensional model that is capable of simulating 
the performance of a fuel cell stack. It allows for the simulation of the transient effects 
due to changes of electrical load or gas flow rate and humidification. The modeling 
domain consists of the diffusion layers, the catalyst layers and the membrane. The “dusty 
gas model” was applied to the diffusion layer, and the transport of liquid water occurs by 
surface diffusion or capillary transport. From their model results, various ways to reduce 
membrane dehumidification at high current densities have been suggested. 
He, Yi and Nguyen (2000) published the detailed two-phase model of a PEM Fuel 
Cell. It is two-dimensional in nature and employs the inter-digitated flow field design 
proposed by Yi and Nguyen (1999). 
Berning, Lu and Djilali (2002) developed a mathematical model for both single phase 
and multiphase flows in a straight channel. In particular, the single-phase model accounts 
for many important transport phenomena in a complete assembly of gas channels, porous 
gas diffusion electrodes, and thin catalyst layers. Heat transfer is also considered in this 
model. The electrode kinetic is modeled by a simplified version of the Butler-Volmer 
equation. This equation only accounts for the dependence of current density on oxygen 
concentrations and is thus one of the major limitations of this approach. 
Another research group to apply the methods of CFD for fuel cell modeling is one 
from Pennsylvania State University. Um et al. (2000) developed a two-dimensional 
model of a whole fuel cell, similar to the one by Gurau et al. (1998). The difference is 
that transient effects were included as well to allow modeling of fuel cell responses to a 
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dynamic load change. This model is used to investigate the effect of hydrogen dilution on 
fuel cell performance. Since the model is isothermal, the interaction between the liquid 
water and the water-vapor is not accounted for. To further extend this work for 
multiphase model inclusion, Wang et al (2001) investigated the phase change at the 
cathode side of a PEM fuel cell with a two-dimensional model. A multiphase mixture 
model is applied here which solves for the saturation of liquid water, i.e. the degree of 
flooding. 
Baschuk and Li (2005) presented a two-dimensional, isothermal and steady state 
mathematical model that can be used as a general formulation for simulation and analysis 
of PEMFC. They used their in-house finite volume computer code to solve for the 
governing equations that accounted for gas transport in flow channel, GDL and catalyst 
layer, water and proton transport in catalyst layer and membrane, as well as electrical 
current transport in the bipolar plate. The generalized Stefan-Maxwell equation is used to 
model the water and proton transport. Martínez et al (2008) compared the predictions of 
PEMFC model using the Stefan-Maxwell equations with the Approximated Multi-
Component (AMC) model. They found that the maximum error between the two models 
is less than 5%. He further concluded that as compared to the Stefan-Maxwell equations 
which require more computation time and storage capacity, the simplified AMC model is 
sufficiently accurate for PEMFC prediction. 
Djilali (2007) presented a new rational model for coupled proton and water transport 
in the polymer membrane and removed the limitations associated with empirical model 
used to date, e.g. membrane water content model proposed by Springer et al (1991).  This 
approach combines pore network modeling and direct numerical simulations of two-
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phase flow in porous GDL. Le and Zhou (2008) developed a general model for PEMFC 
by implementing the necessary user defined functions (UDFs) into the commercial CFD 
software package, FLUENT 6.2. This model is a three-dimensional, unsteady, multi-
phase, multi-component one with Volume of Fluid (VOF) interface tracking technique. 
Nevertheless, they only solve forced convection case, whereas present work developed 
the comprehensive methodology to solve both free and forced convection. 
A summary of several key papers on the PEMFC modeling with different commercial 
CFD packages is given in Appendix 1. 
 
2.3 Multiphase Model in PEMFC 
In single phase models, water is assumed to exist only in vapor form in the porous 
electrodes and therefore cannot account for the real effects of active catalyst surface 
coverage and pore plugging by liquid water. At high current densities, cell performance is 
greatly affected by cathode flooding. Therefore, it is imperative to incorporate a 
multiphase model as it can provide physical insight into the liquid flooding process and 
give more realistic results. 
He et al. (2000) developed a 2-D two-phase, multi-species transport model to 
simulate cathode PEM fuel cell with an interdigitated gas distributor. Transport of liquid 
water through the porous electrode is driven by gas shear force and liquid capillary force, 
which is embedded in the momentum equation. Based on their results, the electrode 
thickness can be optimized. This is because below the optimal value, increasing the 
electrode thickness is equivalent to increasing the diameter of a pipe. This results in a 
higher gas flow rate, thus enhancing oxygen transport and liquid water removal rate as 
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the electrode thickness increases to optimal value. However, beyond optimal value, 
higher gas flow rate does not result in a thinner diffusion layer because most of the gas 
now takes the shortest route through the electrode (between the inlet/shoulder and 
outlet/shoulder corners). This results in a thicker diffusion layer and, consequently, a 
poorer fuel cell performance. However, this model only considers a half cell and does not 
take into account the anode H2 simulation. 
Wang et al (2001) studied two phase flow in cathode of PEMFC both numerically and 
analytically. They suggested that the two phase regime is characterized by a threshold 
current density corresponding to the first appearance of liquid water at the cathode-
membrane interface. An analytical estimate of the threshold current density is obtained. 
This novel model encompasses both single and two-phase regimes corresponding to low 
and high current densities. It is therefore capable of predicting the transition between the 
two regimes. 
Yuan and Sundén (2004) also carried out a two-phase simulation of the cathode 
region of PEMFC. The mass, momentum, energy and species equations, coupled with 
source terms and variable thermo-physical properties were solved with an in-house CFD 
code. In their two phase model, the local current density is calculated by considering 
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multiphase simulation model, as the adverse effect of liquid water saturation on current 


















 15.1  (Um et al, 2000). The latter correlation provides more 
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physical insight to the simulation model as it affects the primary variables of gas 
transport and diffusion processes. This is unlike the former correlation which only exerts 
an impact on the secondary variable of integrated current density. 
Hu et al (2004) developed a 3D PEMFC computational model for single and two-
phase flow. This model considers species transport and reactions in both anode and 
cathode gas channels, GDL, catalyst layer and membrane. The impact of rib resistance on 
species transport was also considered. Compared to experimental data, it was found that 
without multiphase model, it would always over-predict the same PEMFC performance. 
As can be seen, the multiphase model is crucial to provide simulation of a more 
realistic transport phenomenon in PEMFC modeling. The multiphase mist model 
accounts for the liquid saturation factor in MEA. In the later chapters, this model will 
used in the numerical simulations in order to generate the result with high fidelity and 
reliability for investigating the PEMFC performance. 
 
2.4 Prior Work on CFD Model Validation 
As far as PEM fuel cell model validation is concerned, it is imperative to know all 
input values without having to make assumptions for any input data required for 
simulation. However, literature research shows that essential information for PEM fuel 
cell modeling and experimental work is not always available to provide the necessary 
data for “true” validation. Hence, it is inevitable that certain assumptions must be made in 
comparing model simulation results with the experimental work. 
Experimental results from Ticianelli et al (1988) and Wang et al. (2003) have been 
widely used as the common database for comparing computer simulation models for the 
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polarization curve. Nevertheless, it should be pointed out that detailed geometry and 
dimension of the various fuel cell components (e.g. flow channel, bipolar plate, gas 
diffusion later, catalyst and membrane) used in the experiments is not always known. 
Schwarz and Djilali (2007) carried out computer simulation for a segmented single 
parallel channel (1mm x 7cm), but compared their simulation results with the serpentine 
channel experimental results from Wang et al (2003) with the MEA area of 7.2cm x 
7.2cm. They assumed that the performance of PEM fuel cells is reaction-dominated, such 
that gas flow characteristics have only a minor effect on the results. Hence simplification 
from a full serpentine to a straight channel is made. They also stated that their results 
show a maximum of approximately 8% of convective flow passes through the gas 
diffusion layer, with the remainder of the flow staying in the serpentine channel. 
Although this simplification greatly reduces the computational resources, it also casts 
doubt on the operating conditions used in the simplified simulation model. For example, 
1200 and 2200 sccm of hydrogen and air flow rate, respectively, is used in the 
experimental work at anode and cathode. However, uncertainty arises on the correct flow 
rate that should be used in the simulation model. Schwarz and Djilali (2007) did not 
provide detailed data on the flow rate used in the simulation. In addition, the membrane 
thickness used in the simulation was 51m, whereas Wang et al. (2003) used 108m in 
their unified computational model and made a comparison with experimental work. Yet, 
the CFD results of Schwarz and Djilali (2007) matched the experimental data reasonably 
well in terms of the polarization curve. 
Berning et al (2002) used a segmented parallel channel (1mm x 5cm) for computer 
modeling, and compared the simulation results with data from Ticianelli et al (1988) 
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which did not report the exact fuel cell geometry. Senn and Poulikakos (2004) also made 
certain assumptions about the straight gas channel dimensions (assumed 0.762mm x 
1.06681cm) in their computational model. Their simulation results compared reasonably 
well with the experimental data of Ticianelli et al (1988). Um, Wang and Chen (2000) 
used a 2D simulation model with the assumed gas channel dimension of 0.762mm x 
7.112cm and again obtained good agreement with the experimental data of Ticianelli et al 
(1988). 
Table 1 summarizes the different channel dimensions that have been used by various 
researchers in computational modeling but all still yielded good agreement with 
experimental data of Ticianelli et al (1988). Note that the detailed fuel cell geometry used 
in the experimental work is not provided in the publication. Indeed, it is worthwhile to 
mention that comparing model results with experimental data in global terms is not a full 
validation of the model, since a nice fit can be obtained simply by adjusting the values of 
some of the model parameters. 
Ju and Wang (2004) carried out a three-dimensional, single phase, isothermal, and 
electrochemical-transport coupled simulation of a 50cm2 PEM fuel cell operated with a 
fully humidified gas feed. They successfully validated the current distribution results with 
the available experimental data for the integrated current density. Nevertheless, detailed 
comparisons of simulations and experiments point to the lack of agreement in the local 
current distribution, although the average polarization curves match very well. 
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Table 2.1: Summary of various gas channel dimensions used by different researchers 
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2.5 Mass Transport Enhancement Techniques 
In the past, several techniques for mass transport enhancement in PEMFC have been 
proposed and evaluated e.g. interdigitated, serpentine and parallel channels. The 
interdigitated flow field was first described by Ledjeff et al. (1993) and subsequently 
advocated by Nguyen (1996) and Yan et al (2006). The channel in an interdigitated flow 
field differs from the conventional parallel and serpentine channel as it is discontinuous 
between the inlet and outlet manifolds. In this way, the gas and oxidant are forced to flow 
through the electrodes porous layers from the inlet channels to the outlet channels and 
creates an additional forced convection mechanism with a much reduced gas diffusion 
boundary layer over the catalyst sites. 
Wang et al (2005) proposed depositing small permanent magnetic particles into 
cathode catalyst layer. The magnetic particles can induce a Kelvin (magnetic) repulsive 
force against liquid water and an attractive force towards oxygen gas. They have 
numerically shown that the magnetic particle could promote liquid water removal from 
catalyst layer, as well as allow more oxygen diffusion to improve the PEMFC 
performance. No experimental data are available to test this novel idea. 
Liu et al (2005) investigated the application of baffle-blocked flow channel. Their 
two dimensional numerical simulation shows that mass transport enhancement becomes 
significant at high current density. The beneficial effect becomes increasingly significant 
with increasing baffle width and number of baffles in tandem array. 
Wang et al (2008) also worked on this baffle wall flow field effect, but extended the 
numerical simulation work to three dimensional for the newly proposed serpentine-baffle 
flow field - an added geometry complexity comparing to the previous straight channel 
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baffle flow field by Liu et al (2005). Their results indicated that baffled design induces 
larger pressure differences between adjacent flow channels over the MEA surface than 
the conventional design. This enhances under-rib convection through the porous 
electrode, and therefore increases mass transport rates of the gas reactants and liquid 
products. Since it is a miniature PEMFC, the compressor power needed to overcome 
pressure drop is far smaller than the FC output power. This justifies the superior 
performance of baffled design compared to the conventional type. 
Karvonen et al (2006) performed both experimental and simulation (3D; isothermal) 
analysis to improve the parallel channel design and achieve uniform flow distribution. 
This improvement can provide a promising alternative as the parallel channel is typified 
by small pressure losses and hence low power requirement. However, one major 
drawback of this modeling approach is the exclusion of temperature, chemical species 
and electrochemical simulation. 
Yan et al (2006) carried out experimental studies to investigate the effect of five 
different flow field designs (three conventional designs of serpentine, parallel and Z-type 
and two interdigitated designs of parallel with baffle and Z-type with baffle) on fuel cell 
performance. The optimal operating conditions (including humidification temperature, 
cell temperature and cathode gas flow rate) for these five different flow fields were 
derived. It was reported that the shearing stress generated in the corner areas of 
serpentine and Z-type flow fields can help enhance the liquid water removal efficiency 
and improve the mass transport of reactant gas. Under the optimal fuel flow rate 
conditions, parallel flow field with baffle provides the best performance. 
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Yan et al (2008) extended the research on the serpentine flow field by numerically 
investigating the effect of modified heights and lengths on the serpentine channel outlet. 
The predictions show that reductions of outlet channel areas increase reactant velocities 
and hence improve the reactant utilization and water removal capability. Increment in the 
length of reduced flow area also yields better FC performance. Optimal performance is 
obtained when the height and length contraction ratio is 0.4. However, this improvement 
comes at the expense of higher pressure drop across the channel. This was not taken into 
consideration in their work. 
Ferng and Su (2007) compared the parallel and serpentine flow fields with a stepwise 
depth flow channel, and postulated that the parallel flow design with stepwise depth is 
superior to the uniform depth design. However, they showed that the serpentine flow 
channel is insensitive to step-wise depth design, which is contradictory to the results from 
Yan et al (2008). 
Jeon et al (2008) investigated the effect of the serpentine flow field with a single, 
double, cyclic-single and symmetric single configurations. They found that the double 
serpentine design yields better performance at high inlet humidity, while the cyclic and 
symmetric single serpentine with lower pressure drop would be advantageous for large 
scale systems and low inlet humidity operation. 
Wang et al (2008) employed a three dimensional modeling technique to study the 
effect of flow channel bends, numbers and width ratio in the serpentine flow field design. 
Their results show that single serpentine is more superior to double and triple serpentines. 
FC performance for single serpentine also improves when the numbers of bends increase. 
Increasing channel width could yield only marginal improvement. 
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Kuo et al (2008) proposed the wave-like channel and carried out three dimensional 
simulations to compare its performance characteristics with the conventional straight 
flow channel. Their numerical results reveal that a wave-like structure can enhance 
reactant gas transport through porous GDL, improve convective heat transfer, increase 
gas flow velocity and yield more uniform temperature distribution. Consequently, this 
design can produce higher output voltage and power density. 
 
2.6 Air Breathing Fuel Cells 
In this literature survey of Air Breathing Fuel Cell (ABFC), the review begins with 
general remarks, followed by separate discussions into three main categories, namely 
analytical, computational and experimental studies on ABFC. 
Dyer (2002) reported that despite the keen competition between batteries and fuel 
cells for portable applications, the opportunity in terms of market size and growth rate for 
small fuel cell is commercially compelling. Han et al (2007) designed and built probably 
the world’s first commercialized self-hydrating air-breathing PEM fuel cell stack. It is 
done by adding silica into the anode side of a membrane electrode assembly (MEA). 
 
2.5.1 Analytical Studies 
Li et al (2003) used the analogous phenomenon of free convection heat and mass 
transport to analyze the feasibility and restriction of feeding oxygen to planar ABFC. 
They verified the results through experimental testing. They found that orientation of the 
cathode surface can affect the performance of the ABFC, as free convection mass transfer 
coefficient depends on the orientation of the mass transfer surface. This is analogous to 
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free convection heat transfer. The upward orientation can generate maximum 10% more 
power as compared to the downward orientation. 
Litster and Djilali (2006) derived a 1D semi-analytical model of the MEA to elucidate 
the transport of ions, heat and mass in ABFC. They found that membrane dry out is the 
primary limitation on current density. Therefore, it was proposed that enhanced 
performance of ABFC can be achieved by increasing the heat removal rate, thus 
promoting higher relative humidity levels in the GDL. 
O’Hayre et al (2007) developed a 1D, combined heat and mass transfer analytical 
model to study the coupling of cathode water generation, oxygen consumption, self-
heating and natural convection for ABFC operated on dry hydrogen in dead end anode 
mode. They also included latent heat released during condensation process, whereas the 
earlier work by Litster and Djilali (2006) missed out this part. However, a similar finding 
to Litster and Djilali (2006) has been found, confirming the strong coupling effects 
between self-heating and water balance. Therefore the issue of matching the heat 
rejection with water rejection requirement is one of the most important considerations in 
optimizing ABFC performance. 
 
2.5.2 Computational Modeling Studies 
Schmitz et al (2004), Wang et al (2005a,b, 2007) and Hwang and Chao (2007) among 
others have carried out computational study of an air-breathing PEM fuel cell for the 
planar, open-tube and printed-circuit-based (PCB) cathode design, respectively. All of 
them used commercially available CFD software and incorporated their own subroutines 
to account for the electrochemical simulation module. Schmitz et al (2004) used 
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FEMLAB 2.3 (now known as COMSOL), Wang et al (2005a,b, 2007) utilized STAR-CD 
3.15 while Hwang and Chao (2007) made use of COMSOL. 
Schmitz et al (2004) claimed to be the first to carry out computational modeling for 
ABFC. However, the model is not comprehensive as they only performed the simulation 
based on 2D, isothermal, single phase water vapor and simplified electrochemical 
reaction using the Tafel equation. They discovered an increase in water vapor 
concentration under the ribs, and hence proposed minimizing the width of the rib so as to 
avoid liquid water condensation. Consequently, the cathode opening ratio sould be made 
as large as possible, in order to improve the oxygen supply. However, this large cathode 
open ratio compromises the structural integrity which impacts ABFC performance. This 
was not taken into consideration in their finding. 
Wang et al (2005a,b, 2007) used STAR-CD V3.15 to develop a 3D model of ABFC 
which accounts for the natural convection on the cathode side, electrochemical reactions 
at the catalyst layer, as well as water transport across the membrane. The phase change of 
water was neglected. Model results compared reasonably well with the experimentally 
measured polarization curves. Their discovery suggested that ambient relative humidity 
(RH) has significant effect on ABFC performance. However, the calculation of the 





 224lim  was applied incorrectly. 
According to O’Hayre et al, 2006, L and 
2O
D are GDL thickness and effective mass 
diffusivity in GDL, respectively, not the characteristic length and mass diffusivity of the 
gas channel. This error could greatly affect their conclusions. 
Using the same methodology, Wang et al (2005b) carried out CFCD to investigate the 
effects of three different channel widths of the ABFC, and found that the best 
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performance was obtained with a cathode channel width of 3mm. Subsequently, Wang et 
al (2007) derived the dimensionless mass transfer coefficient Sherwood number as the 
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 . This derivation 
provides some insight into the nature of the oxygen transport limitation coupled with heat 
and mass transfer. 
Huang et al. (2007) used COMSOL 3.3 to study the mass transport phenomena in an 
ABFC. They discovered that the optimal breathing hole diameter is about d = 2.1mm, 
considering the trade-off between the enhancement effect of gas diffusion with the 
increased of Ohmic resistance when the hole size is varied. Further, they found that the 
gas mixture flows predominantly outward from the porous cathode to the ambient, rather 
than inwards from the ambient. 
 
2.5.3 Experimental Studies 
Fabian et. al. (2006) performed an experimental investigation of the effects of varying 
ambient temperature (10 – 400C) and relative humidity (20 – 80%) on the operation of a 
dry hydrogen dead-end mode of a planar ABFC. The average free convection air velocity 
in horizontal and vertical orientation was 9.1 cm/s and 11.2 cm/s, respectively. The 
critical membrane transition temperature (from the fully hydrated state to the dry out 
regime) at which the water removal due to evaporation balances the water generation rate 
due to reaction is approximately 600C, irrespective of the ambient temperature and 
humidity conditions. Mass transport limitation becomes important when the current 
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density exceeds about 400 mA/cm2. The continuous polarization scans fail to capture the 
rapid membrane drying at high current densities as measured by the point-by-point scan. 
The performance is limited by membrane dry-out at temperatures above 300C, and by 
flooding below 200C. At high current densities, high temperature and low humidity can 
result in a membrane dry out. On the other hand, low temperature and high humidity can 
cause excess flooding. Maximum power density of 356 mW/cm2 was measured at 
ambient temperature of 20C and relative humidity of 40%. They concluded that the 
ABFC performance is dependent on MEA water content, and it is governed by the 
transfer of heat and water vapor to the ambient. 
 
2.7 Closing Remarks 
The review on PEMFC modeling shows that the goal of utilizing CFCD tools to make 
precise predictions for local distribution of variable is yet to be accomplished. This is 
because the fundamental physics and chemistry (e.g. research by Prof. Gerhard Ertl on 
modern surface chemistry for fuel cells, artificial fertilizers and clean exhaust which 
earned him the Nobel Prize in Chemistry for 2007) involved still needs further R & D. 
Nonetheless, the CFCD techniques have evolved much and have established fidelity in 
terms of coupling the basic flow, thermal and mass transport equations with the 
electrochemical processes, ionic/electronic transfer, membrane water uptake and 
multiphase issues. These factors are needed to understand the 3D physical aspects in 
PEMFC operation. This allows researchers to employ the CFCD tool to determine the 
overall integrated characteristics (e.g. polarization curves) and help make further 
improvements to enhance PEMFC performance. 
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For model validation, it is concluded that a comparison against global i-V curves is 
insufficient and can often be misleading since; strictly speaking, such comparison should 
be made against data at the local distribution level. Chapter Four on model validation 
further elaborates on this aspect. For mass transport enhancement techniques, it is 
observed that there has been no research carried out on delivering the reactant 
transversely to the MEA with an impinging jet (IJ) configuration to improve mass 
transport in PEMFC. Chapter Five proposes and models this new IJ configuration in 
PEMFC. Modeling of ABFC remains a challenging task. In Chapter Six of this thesis, an 
attempt is made to extend the mathematical model to an ABFC. It includes a more 
realistic time-dependent simulation approach, which helps to understand the effects of 
various factors that can enhance ABFC performance. 
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Chapter Three: PEMFC Modeling 
Computational modeling plays an important role in the development of improved fuel 
cells designs. It provides a better comprehension of the parameters affecting the 
performance of single fuel cells and fuel cell systems. Experimental testing at the micro-
scale is either very difficult or impossible due to the small scale of the fuel cell 
components. Therefore, modeling is a way to perform design optimization more 
efficiently than by experimental testing; and ultimately intensify innovation. However, 
one needs thorough understanding of the underlining physics and chemistry within 
various components of the fuel cell system in order to model the transport phenomena 
involved. This chapter presents the model assumptions, the governing conservation and 
constitutive equations along with various boundary conditions used in PEMFC models. 
More details can be found in Sundén and Faghri (2005). 
 
3.1 Model Assumptions and Simplifications 
Any model is as good as the assumptions that it is built upon. It is imperative to 
understand the assumptions made explicitly or implicitly to comprehend the model 
limitations and accurately interpret the results obtained. A complete fuel cell is an 
extremely complex system as it involves both micro-scale and macro-scale geometric 
features (membrane and catalyst layer of 10 ~ 100 m, gas diffusion layer of 100 ~ 500 
m, and gas channel of 0.5mm to 3mm). It also requires a highly non-linear and coupled 
equations describing the mass, momentum, heat and electrochemical transport. Therefore, 
it is necessary to make out a number of simplifying but justifiable assumptions to devise 
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a physically realistic yet numerically tractable model. The main model assumptions made 
in this study are: 
1. Fuel cell operates under steady state condition 
2. Ideal gas mixture 
3. Laminar flow due to small and Reynolds number (<200) 
4. Isotropic and homogenous membrane and electrode 
5. Volume-averaged conservation equations (porosity ) can model the porous layer 
adequately 
6. In the multiphase flow model (gas and water liquid), “mist flow” assumption in the 
gas channel is made as water liquid velocity is equivalent to mixture gas velocity 
7. No interaction between gases and liquid water in the pores of the Gas Diffusion Layer 
(GDL) 
8. Electro-neutrality prevails; hence proton concentration is constant and equal to the 
concentration of fixed sulfonic acid groups in the membrane 
9. Phase equilibrium exists between water and the electrolyte. This allows for the use of 
membrane sorption isotherm using the water activity at the membrane boundaries 
10. No deformation occurs in all parts of the cell (no swelling/shrinking of the membrane, 
no deformation of GDL under land area due to compression) 
In modeling the fuel cell transport processes, apart from the governing equations of 
mass, momentum, energy, species, there are four more phenomenological equations 
customized to account for PEMFC modeling (Bernardi and Verbrugge, 1991). These are 
listed below: 
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RTx        (3.2) 
3. Nernst-Planck equation for proton transport through membrane (Nernst, 1889; Planck 
1890): 
flffmemffff cvcDcDRT
FzN        (3.3) 











       (3.4) 
Among the above four phenomenological equations, only the Butler-Volmer equation 
is associated with the governing equations in PEMFC modeling. The other three mass 
transport phenomenological equations have been modified or simplified as follows: 
1. The Stefan-Maxwell equation is modified where by the effective mass diffusion 
coefficient in a porous medium is expressed in terms of reference pressure 
temperature, porosity, liquid water saturation factor and turtuosity (equation 3.21), 
using the so-called Bruggemann correction of effective medium theory (Um et al, 
2000). The recent paper by Martínez et al., 2008 also confirmed that the simplified 
Approximated Multi-Component (AMC) model is sufficiently accurate for PEMFC 
modeling, as compared to as the Stefan-Maxwell equations which require more 
computation time and storage capacity. 
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2. The Nernst-Planck equation is simplified such that proton diffusion flux due to 
concentration gradient ( ii cD  ) and convection flux ( il cv ) are eliminated. Only the 
proton migration flux due to membrane potential gradient terms is retained. Thus, the 
ionic transport across the membrane is governed by Ohm’s Law (Spiegel, 2007) 
3. The Schlogl equation is modified by replacing the membrane potential gradient term 
with water content concentration gradient term in order to form the phenomenological 
membrane water transport equation (equation 3.40). This equation describes the 
liquid water balance between electo-osmotic drag (EOD) and back diffusion. Water 
velocity across the membrane is dropped off in this equation (Spiegel, 2007). 
With the aforementioned physical assumptions and mass transport model 
simplifications, the PEMFC model equations are developed as shown in the following 
section. 
 
3.2 Governing Conservation and Constitutive Equations 
The mathematical framework used in the simulation is a comprehensive three 
dimensional, multi-components, multiphase, non-isothermal, time-dependent transport 
computation model performed using a computational fuel cell dynamics code (FLUENT 
6.3.16) with the add-on Polymer Electrolyte Membrane (PEM) fuel cell module. 
Essentially, the mathematical model provides a detailed description of the following 
transport phenomena (Berning et al, 2002): 
 Multi-species (O2, H2 and H2O) flow; 
 Convective heat and mass transport in the flow channels; 
 Diffusion of reactants through porous electrodes; 
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 Electrochemical reactions; 
 Migration of H+ protons through the membrane; 
 Transport of water through the membrane; 
 Transport of electrons through solid matrix; 
 Conjugate heat transfer 
A numerical solution of time-dependent conservation equations of mass, momentum, 
energy, species and charge transport is performed for the single computational domain. 
The domain comprises bipolar plate, gas channel, GDL, catalyst layer and membrane in 
PEMFC. The governing equations are shown in physical velocity formulation for porous 
media (Vafai, 2000). 
 
3.2.1 Conservation of Mass: 
      iSvt          (3.5) 
Mass continuity must hold for all the processes inside fuel cell such as fluid flow, 
diffusion, phase change, and electrochemical reactions. Source term, Si is generally 
nonzero as a result of water phase changes (-rw) and electrochemical reactions. The 
mixture density is not constant, attributed to the variable gas composition. It is calculated 














3.2.2 Conservation of Momentum: 
        meff Svpvvt v      (3.7) 
Sm is different for different regions of the fuel cell. For gas channel, Sm = 0. Darcy’s 






2        (3.8) 
in which K and  is the porous media permeability (m2) and porosity, respectively. 
 
3.2.3 Conservation of Energy: 
            heffeffpeffp STkTvctTc      (3.9) 
The effective material properties in porous media take into account the bulk properties of 
both solid matrix and fluid phases for flow. Effective heat capacity  effpc and thermal 
conductivity effk  are adapted from Dagan (1989) and Vafai (2000), respectively: 
     
fpsps
eff
p ccc   ,1      (3.10) 
  fseff kkk   1        (3.11) 
In the default FLUENT PEM Add On Module, the volumetric heat source term, Sh takes 
into account local heat production due to Ohmic heating, heat formation (reaction) of 
water, activation over-potential (electric work) and latent heat of water (for multiphase 




     (3.12) 
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 (1/.m) is the effective electrical conductivity in the respective zone (GDL, catalyst 
layer or bipolar plate).  (V) is the local surface over-potential (also known as activation 
loss) and it is the driving force for the reaction kinetics. cathodeanodej ,  (A/m
3) is the 
exchange current density at anode/cathode and the formulation is given in the subsequent 
Butlet-Volmer equation. hfg (kJ/kg) is the latent heat of water. rw (kg/m3s) is the water 
phase change (condensation or evaporation) rate that is modeled as: 









   (3.13) 
The first term in Eq. 3.13 accounts for the condensation of water vapor and the second 
term accounts for the evaporation of liquid water.The rate constant, cr, is hardwired to 
100s-1. 
As the mathematical formula for heat formation of water, reactionh  (W/m
3), is hidden from 
the user in the FLUENT code, it is removed and replaced by a more appropriate heat 
generation term that is related to the reversible cell potential. In the UDF customization 
developed in this work, the reactionh  term is dropped off by changing the default value for a 
fraction of the energy released in the chemical reaction for the formation of water as heat 
energy from 0.2 to 0.0. Instead, it is replaced by the heat generation term related to the 
reversible cell potential in the cathode catalyst layer. These are described in equations 3.9 











2981083.0229.1 3 Orev xF
RTTxE      (3.15) 
The details of this program code can be found in Appendix 2. 
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Physically, there should be a heat source or a sink in the gas channel due to phase change; 
that is, condensation of water vapor present in the saturated gas reactant as a heat source 
or evaporation of liquid water present in the unsaturated gas reactant as a heat sink. 
However, the current multiphase liquid saturation model used in FLUENT 6.3 has this 
limitation to model the phase change in the gas channel, as it is using the mist 
approximation; assuming the liquid velocity is similar to gas mixture velocity in the 
channel. Therefore, heat source terms do not appear in the energy equation for the gas 
channel. 
In the (GDL), the heat sources are due to Ohmic resistance through solid and latent heat 







        (3.16) 
In the catalyst layer, the heat sources include the heat generated due to ionic and 
electronic resistance, the heat released by electrochemical reaction and electric work and 













  (3.17) 
In the membrane and bipolar plate, the heat source is mainly due to ohmic resistance, as 














       (3.19) 
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3.2.4 Conservation of Non-Charged Species 
Mass conservation for individual gas phase species is given by equation 3.20: 
      isieffiii SyDyvty ,      (3.20) 
yi = mass fraction of gas species, i = 1,2,…, N (e.g. i = 1 for hydrogen, i = 2 for oxygen, i 
= 3 for water vapor) and Ss,i  = source or sink term for the species. 













pDsD      (3.21) 
and Bruggemann model ( ieffi DD  , = tortuosity) is incorporated to calculate the 
effective diffusion coefficient in porous medium. oiD is the mass diffusivity at reference 
pressure and temperature ( op , oT ). 
Ss,i is equal to zero everywhere except in the catalyst layer. For the H2 and O2 source term 














       (3.23) 







Molar flux of water due to electro-osmotic drag from anode to cathode 
is OHOHs MS 22,  .  is the electro-osmotic drag coefficient and will be elaborated in the 
phenomenological water transport equation across the membrane later. For multiphase 
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flow, -rw is added to water vapor equation. Therefore, water vapor source term in cathode 









     (3.24) 
Water vapor source term in anode catalyst layer is given by equation 3.25 (Bernardi and 
Verbrugge, 1991): 
wOHanodeOHs rMS  22 ,,      (3.25) 
 
3.2.5 Conservation of Charge Species 
  solsolelec S ,   for electrical current     (3.26) 
  memmempro S ,   for ionic current    (3.27) 
sol (V) and mem (V) is the solid phase and membrane phase potential, respectively. elec  
and mem  (1/.m) is the solid phase electrical conductivity and membrane protonic 
conductivity, respectively. S (A/m3) is the source term representing volumetric transfer 
current. 
At anode catalyst layer: anodemem jS , , anodesol jS ,    (3.28) 
At cathode catalyst layer: cathodesol jS , , cathodemem jS ,    (3.29) 
The conservation of charge law requires the total current generated in the anode catalyst 
layer to equal the total current consumed in the cathode catalyst layer (and this must also 







     (3.30) 
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The volumetric transfer current can be reflected in the Butler-Volmer equation, which 
describes how current and voltage are related in electrochemical systems (O’ Hayre et al, 
2006). 



























Anode activation over-potential memsolaact  ,      (3.32) 


























Cathode activation over-potential OCmemsolcact V  ,     (3.34) 
The electrochemical reactions are treated as heterogeneous reactions which take place on 
the catalyst surface in the porous media. Therefore, the species concentrations in the 
above Butler-Volmer equations are the surface value. The reaction-diffusion balance 
equation relates the transfer current density to the gas species concentration by 
  cathodeanodeiwcentroidisurfieffi jnFMyyD ,,,,       (3.35) 
 (1/m) is the specific reacting surface area of the catalyst layer, or surface to volume 
ratio; and  is the average distance between reaction surface and cell center. The left hand 
side of Eq. 3.35 represents the diffusive flux at the reacting surface and the right hand 
side represents the rate of mass generation. Eq. 3.35 is used to obtain the surface values 
of H2 and O2 concentrations, then used to compute the rates in the Butler-Volmer 
Equations (Eq. 3.31 & 3.33) 
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11     (3.36) 
3.2.6 Conservation of Liquid Water Saturation 
Water saturation in the gas channel: 
    wlll rsvt s         (3.37) 

















     (3.38) 
The source term in the liquid water saturation model, rw, has been elaborated in equation 
3.13. In the gas channel, fine mist approximation is assumed for the liquid water 
formation, hence vvl  . 
In the porous zone, convection term is replaced with capillary diffusion term. Capillary 
pressure is computed as the Leverett function of s (Leverett, 1941 and Udell, 1985): 










































   (3.39) 
3.2.7 Phenomenological Membrane Water Transport Equation 
Water content physically refers to the number of water molecules adsorbed per 
sulphonic acid site. Water transport model through the membrane is described by the 
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balance of water movement due to electro-osmotic drag and back diffusion. It is governed 











     (3.40) 
i (A/cm2) is the vector from of current flux. Both the electro-osmotic drag coefficient (nd) 
and membrane water content diffusivity (Dl) are the functions of water content () and 
temperature (T). The membrane density mem = 1980 kg/m3 and equivalent weight MW = 
1100 kg/kmol are used in the numerical simulation. The relevant derivation for electro-
osmotic drag, membrane water content, water content diffusivity, water activity and 
protonic conductivity are given as follows: 
Molar flux of water (mol/m2s) due to electro-osmotic drag (Bernardi and Verbrugge, 
1991): 
F
ind         (3.41) 
Electro-osmotic drag coefficient (Springer et al, 1991): 
22
5.2 dn         (3.42) 





J        (3.43) 








aforaaa    (3.44) 







OH 22         (3.45) 
Saturation pressure (Springer et al, 1991): 
3725
10 )15.273(10*4454.1)15.273(10*1837.9)15.273(02953.01794.2log   TTTp sat
           (3.46) 





      (3.47) 
Membrane water content diffusivity (Springer et al, 1991): 






















f   (3.48) 
Both the membrane proton conductivity and membrane water diffusivity are the default 
membrane properties settings for NAFION®. In order to account for the GORE-SELECT 
membrane, adaptation for the above two parameters is necessary. Ju et al (2005) 
proposed a modification based on multiplying the constitutive relations with membrane 
coefficient (mem). 
Adapted membrane proton conductivity memmem
adapted
mem      (3.49) 
Adapted membrane water content diffusivity lmem
adapted
l DD     (3.50) 
UDF implementation for the adaptation for both membrane proton conductivity and 
water content diffusivity is shown in Appendix 3. 
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3.3 Coupling of the Transport Equations 
Tables 3.1 and 3.2 summarize the governing equations used in the current PEMFC 
model and the various sources and fixed value terms used in different regime of the 
computational domain, respectively. As can be seen from these tables, solving for the full 
3D PEMFC model involves numerical simulation of 12 governing equations and a 
minimum of 12 different source terms. It also requires enormous amount of computing 
resources. In addition, the most challenging task in PEMFC model is the coupling of the 
multi-physics natures of the diverse transport phenomena involved, as illustrated in 
Figure 3.1 (Djilali, 2007). Each circle in the figure represents a transport equation 
governing a particular process, and the arrows pointing outward represent the effects of a 
given transport process on other equations. 
 







     (Energy) 

















Table 3.1: Governing equations (in physical velocity formulation) solved in one domain formulation in PEMFC 
 Unsteady Convection Diffusion Source 
Mass  
t





    vv   vp eff    mS  
Energy    
t
Tc effp 






  iyv   ieffi yD    isS ,  
Electrical potential - -  solelec    solS ,  
Membrane potential - -  mempro    memS ,  
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2  - 
Species H2O, OHS 2  02 OHy
 











Electric potential, solS ,  - 0sol  - *At anode: anodej , At cathode: cathodej  - 
Membrane potential, memS ,  - 0mem - *At anode: anodej , At cathode: cathodej  - 
Liquid saturation, rw s = 0 vvl   rw 
*rw s = 0 































































The linkage between the multi-physics coupling processes is described as follows: 
1. From the Species equation to 
i. Energy: Source term for latent heat of condensation, fgwhr  
ii. Potential: Volumetric transfer current source term in electrical and membrane 
potential, anodej  and cathodej  
iii. Water content: Mass fraction of water vapor OHy 2 as  boundary condition 
iv. Liquid saturation: Source term for condensation rate, wr  
v. Mass and Momentum: Source term in continuity equation, Si 
2. From the Potential equation to 
i. Energy: Source term for Ohmic heating, 
2i and electrical work cathodeanodej ,  
ii. Water content: Convection term of electro-osmotic drag 
F
ind  
iii. Species: Source term for mass consumption of H2 ( F
M
j Hanode 2









3. From the Liquid Saturation and Water Content equation to 






















   
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iii. Mass and Momentum: Pressure gradient (p), as the transport of liquid water in 
gas channel changes the pressure field 
4. Between Liquid Saturation and Water Content equation, membrane water activity 





OH 22   
5. From the Mass and Momentum equations to 
i. Species: Convection term  iyv  
ii. Liquid Saturation: Convection term  svll  
6. From the Energy equation to 
i. Water content: Material properties of EOD coefficient ( ),( Tnn dd  ), 
membrane water diffusivity ( ),( TDD ll  ) and water content ( ),( Ta  ) are 
temperature dependent 
ii. Mass and Momentum: Effective viscosity, eff  is temperature dependent 
















3.4 Boundary Conditions 
The typical boundary conditions used for this PEMFC model are summarized as below: 
1. Electrical potential (sol)and membrane potential (mem) boundary conditions 
a. Cathode current collector terminal – Galvanostatic (constant electric potential 
flux, ttanconsn
sol 
 ) boundary conditions are applied to maintain the same 
stoichiometric ratio at each polarization point. The sign should be negative as the 
current is drawn out of the computational domain at the cathode side 
b. Anode current collector terminal - Constant electric potential, sol = 0 
c. Zero flux boundary condition for the membrane phase potential, 0

n
mem  on 
all outside boundaries 
d. Zero flux boundary condition for the solid phase potential, 0

n
sol  on all 
outside boundaries, except cathode and anode current collector terminal 
2. Velocity/Mass flow rate boundary conditions 
a. Mass flow rate at both anode and cathode are determined by stoichiometric ratio 



















m  . 
3. Species boundary conditions 





OH 2 . Mass fraction of water vapor ( OHy 2 ) at both anode and cathode is 
determined by RH, temperature, and pressure at the inlet. A computer algorithm 
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has been developed to determine the water vapor mass fraction through the 
iterative process. See Appendix 4. 
b. As an illustration, at anode inlet, for 60C and 100% RH, typical mass fraction for 
H2O and H2 is 0.69 and 0.31, respectively. At cathode inlet, mass fraction of O2 is 
0.23. For 60C and 100% RH, typical mass fraction for H2O is 0.13 
4. Temperature boundary conditions 
a. At anode/cathode inlet and current collector terminal, constant temperature (e.g. 
60C) is applied 
b. Zero heat flux boundary condition on all outside boundaries 
 
3.5 Closing Remarks 
The complexity involved in mathematical modeling of PEMFC performance is 
evident from the number and nature of the equations presented here. The main output 
parameters which are useful in explaining the transport phenomena at the micro-level are: 
(i) velocity (v), (ii) species concentration (
2H
c , OHc 2 , 2Oc ), (iii) temperature (T), (iv) water 
content (), (v) liquid saturation factor (s) and (vi) local current density (i). At the global 
scale, the plot of intent is the integrated current density (iave) versus electric potential (sol) 
curve which is most commonly used to characterize fuel cell performance. 
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Chapter Four: PEMFC Model Validation 
4.1 Introduction 
In order for a computational model or simulation tool to be effectively put to use, its 
mathematical model has to be validated with the corresponding experimental data. This is 
achieved by first performing a parametric study of the important factors in the PEMFC 
model (especially for the multiphase liquid water transport model, galvonostatic 
boundary condition settings, as well as customization of model parameters adaptation). 
Subsequently, extensive simulations to compare the numerical results with experimental 
data from the various research groups were carried out. Lastly, the simulation result of 
the validated case was analyzed in detail. This forms the basis for the modeling studies of 
enhanced mass transfer performance in PEMFC. 
 
4.2 Results of Parametric Study 
Detailed parametric studies were performed here in order to identify the factors and 
models that are crucial for the fuel cell numerical simulations. 
4.2.1 Geometry Model 
The straight channel design (c.f. Figure 4.1) is used for the first step in carrying out 
the “Computational Fuel Cell Dynamics” (CFCD) with various electrochemical 
parameters and operating conditions. This configuration has been widely used by prior 




Figure 4.1: Schematic diagram of the straight channel used for simulation 
Details of the geometry are summarized below: 
1. Anode & Cathode Gas Channel    0.5mm (width) x 
0.3mm (thickness) 
2. Anode & Cathode Gas Diffusion Layer thickness 0.15mm 
3. Anode & Cathode Shoulder width   0.5mm 
4. Anode & Cathode Catalyst Layer thickness  0.0174mm 
5. Anode & Cathode Current Collector thickness  0.5mm 
6. Membrane thickness     0.05mm 
7. MEA area        26mm x 1mm 
 
4.2.2 Effect of Electrochemical Parameters 
The anode and cathode mass flow rate are 1e-08 kg/s and 1e-07 kg/s, respectively. 
Anode gas is pure H2 ( 2Hy  = 1.0), while cathode gas is humidified air ( 2Oy  = 0.23 and 






Table 4.1 shows the current density result obtained at the operating voltage of 0.5V 
by varying the following electrochemical parameters. 
1 Anode reference current density, refanodeoj ,  
2 Anode exchange coefficient, a 
3 Cathode reference current density, refcathodeoj ,  
4 Cathode exchange coefficient, c 
Table 4.1: Effect of electrochemical parameters on fuel cell performance 
Electrochemical parameters Case 1 Case 2 Case 3 Case 4 Case 5 
Voltage, V 0.5 0.5 0.5 0.5 0.5 
anode reference current density, 
ref
anodeoj , , A/m
3 1.5e+09 1.5e+09 1.50e+09 1.00e+09 1.50e+09
anode reference concentration, refHc 2 , 
kmol/m3 1 1 1 1 1 
anode concentration exponent, a 0.5 0.5 0.5 0.5 0.5 
anode exchange coefficient, a 1 1 0.5 1 1 
cathode reference current density, 
ref
cathodeoj , , A/m
3 4.00e+06 4.00e+06 4.00e+06 4.00e+06 7.00e+04
cathode reference concentration, 
ref
Oc 2 ,kmol/m
3 1 1 1 1 1 
cathode concentration exponent, c 1 1 1 1 1 
cathode exchange coefficient, c 1.2 1 1.2 1.2 1.2 
Current density, A/m2 0.562 0.425 0.530 0.538 0.313 
 
Case 1 vs. Case 2 – Varying Cathode Exchange Coefficient, c 
As the cathode exchange coefficient is reduced from 1.2 to 1.0, the result for current 
density drops from 0.562 to 0.425 A/cm2. This shows that c is important parameters in 
the CFCD simulation. 
 
63 
Case 1 vs. Case 3 – Varying Anode Exchange Coefficient, a 
As the cathode exchange coefficient is reduced from 1.0 to 0.5, the result for current 
density drops from 0.562 to 0.53 A/cm2. The effect is not as critical as its cathode 
counterpart. 
Case 1 vs. Case 4 – Varying Anode Reference Current Density, refanodeoj ,  
As the anode reference current density is reduced from 1.5e09 to 1.0e09 A/m3, the 
result for current density drops from 0.562 to 0.538 A/cm2. However, in comparing this 
with the corresponding cathode parameters, the effect of this anode parameter is 
considered marginal. 
Case 1 vs. Case 5 – Varying Cathode Reference Current Density, refcathodeoj ,  
As the cathode reference current density is reduced from 4.0e06 to 7.0e04 A/m3, the 
result for current density also drops drastically from 0.562 to 0.313 A/cm2. 
Different fuel cell reactions produce different kinetics. Variation between reactions 
can be treated in terms of variations in the kinetic parameters  (exchange coefficient) 
and refoj (exchange current density). Sluggish reaction kinetics (low  and refoj values) 
result in severe performance penalties, while fast reaction kinetics (high  and refoj values) 
result in minor performance penalties. In this particular H2-O2 fuel cell reactions, the 
Hydrogen Oxidation Reaction (HOR) kinetics are extremely fast, while the Oxygen 
Reduction Reaction (ORR) kinetics are extremely slow. Therefore the kinetics 
parameters of HOR at anode have less implication on the fuel cell performance as 
compared to the ORR at cathode. This is also reflected in Table 4.1 that the cathode 
parameters have a greater effect on fuel cell performance.  
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1 Atm 2 Atm 3 Atm
 
Figure 4.2: Effect of operating pressure on fuel cell performance 
 
Figure 4.2 shows the effect of operating pressure on fuel cell performance. It shows 
that the operating pressure does not alter the limiting current density, but has the effect of 
improving fuel cell performance within the Ohmic loss region. 



















Anode 1e-8kg/s humidified H2, cathode 1e-7kg/s air, without multiphase model
Anode 1e-8kg/s humidified H2, cathode 1e-7kg/s air, with multiphase model
 
Figure 4.3(a): 1Atm 
Ohmic loss region 
60C, anode inlet is 
humidified H2 with 
0.1 mass fraction of 






















Anode 1e-8kg/s humidified H2, cathode 1e-7kg/s air, without multiphase model
Anode 1e-8kg/s humidified H2, cathode 1e-7kg/s air, with multiphase model
 



















Anode 1e-8kg/s humidified H2, cathode 1e-7kg/s air, without multiphase model
Anode 1e-8kg/s humidified H2, cathode 1e-7kg/s air, with multiphase model
 
Figure 4.3(c): 3Atm 
Figure 4.3: Comparison of fuel cell performances between scenarios with and without 
multiphase model simulation at different operating pressure 
 
Figures 4.3 (a) to (c) show that the use of the realistic multiphase model should give 
better conformity with experimental observations, e.g. reduce current density at higher 
operating pressure. Indeed, multiphase and membrane water transport are currently the 
weakest links in PEMFC modeling. There is no easy solution to this problem as the real 
physics involved is not yet fully understood and detailed local measurements are all but 
impossible. The multiphase model in FLUENT 6.3 PEMFC Add-On Module has a 
limitation when liquid water saturation level is high (e.g. exceeds 40%). The problem is 
numerical stability, and hence good convergent results are impossible to obtain. As 
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shown in Figures 4.3 (a) through (c), as the operating pressure increases from 1 to 3 Atm, 
the fuel cell would be susceptible to flooding, and hence the results for high current 
density (< 0.7V) are diverged. Generally, the inclusion of multiphase model has both 
favorable and unfavorable effects on fuel cell performance predictions. In one way, it 
tends to lower the predicted current density, as liquid water saturation (s) has an adverse 
effect on gas transport rate. This is implied in the gas phase diffusivities in equation 4.1 


















 15.1        (4.1) 
On the other hand, it can increase the value of membrane water content and hence 
protonic conductivity, promoting ionic transfer across the membrane. These are shown in 
equations 4.2 and 4.3 (Springer et al, 1991): 





OH 22         (4.2) 








aforaaa  (4.3) 
In reality, water vapor may condense to liquid water, especially at a high current 
density. Although liquid water keeps membrane hydrated, it also has the unfavorable 
effect of blocking gas diffusion passages, reducing diffusion rate and effective reacting 
surface area. 
 
4.2.5 Effect of cathode bipolar plate electrical conductivity 
In typical fuel cell experiments, the flow rates at both anode and cathode are supplied 
at the specific stoichiometric ratio (). Therefore, in modeling studies, the galvanostatic 
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boundary condition (BC) is preferred over the potentiostatic one, as the former allows the 























       (4.5) 
Here a and c are the stoichiometric ratios at the anode and the cathode, respectively. 
However, in carrying out the galvanostatic BC simulation, it is important to note that 
it can give different simulation results from the potentiostatic BC simulation, if the value 
of electrical conductivity at the bipolar plate is very low. Figure 4.4 shows a schematic 
diagram with initial bipolar plate of electrical conductivity of merely 7500 S/m, and also 
with the addition of “numerical” bipolar plate using fictitious conductivity of 1e6 S/m. 
 
Figure 4.4: Addition of numerical current collector at the cathode in the galvanostatic BC 
simulation 
Actual anode bipolar plate, 
electrical conductivity 7500 S/m 
Actual cathode bipolar plate, 
electrical conductivity 7500 S/m 
Numerical cathode bipolar plate, 
electrical conductivity 1e6 S/m 
Galvanostatic boundary condition is 
applied at this surface of numerical 






















Galvanostatic BC w ith numerical bipolar plate of high
electrical conductivity, 1e6S/m
 
Figure 4.5: Simulation results with numerical current collector of high electrical 
conductivity (1e6 S/m) 
 
From Figure 4.5, it is obvious that a numerical current collector of high electrical 
conductivity is necessary for the galvanostatic BC in order to fully recover the 
polarization curved obtained with the potentiostatic BC. This is provided that the actual 
electrical conductivity of the bipolar plate is substantially low (e.g. 7500 S/m). 






















Figure 4.6: Effect of membrane thickness on the fuel cell performance 
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Figure 4.6 shows that when a thicker membrane is used, fuel cell performance 
deteriorates, especially near the limiting current density. This is attributed to the higher 
Ohmic resistance associated with a thicker membrane. Besides, at a higher current 
density, it also imposes extra resistance to water transport across membrane. As more 
water vapor is produced and flows through the membrane by the electro-osmotic drag 
force, a thicker membrane would then generate extra resistance to the water flow. 
 
4.2.7 Constant Stoichiometric Ratio 
The stoichiometric ratio () is defined as the ratio of mass flow rate supplied over 






























_          (4.9) 
Simulation runs were carried out to compare cases with constant mass flow rate and 
constant stoichiometric ratio. Figures 4.7(a) and (b) show the values of stoichiometric 
ratio for the constant mass flow rate case for the anode and cathode, respectively. For this 
simulation, a for constant mass flow rate scenario is consistently higher than that for the 
constant stoichiometric ratio case (a = 3). Conversely, the c for constant mass flow rate 
scenario is consistently lower than that for the constant stoichiometric ratio case (c = 6). 





























a constant anode mass flow rate
constant anode stoichiometric ratio
 
Figure 4.7(a): Comparison of anode stoichiometric ratio at different current densities 




























 c constant cathode mass flow rate
constant cathode stoichiometric ratio
 
Figure 4.7(b): Comparison of cathode stoichiometric ratio at different current densities 




















stoichiometric ratio 3/6 at anode and cathode
variable stoichiometric ratio, >3 at anode and <6 at cathode
 
Figure 4.7(c): Comparison of fuel cell performance between two simulation cases 
 
From Figures 4.7 (a) to 4.7(c), it can be seen that the constant stoichiometric ratio 
gives a linear graph for the polarization curve without the limiting current density bound. 
For the variable stoichiometric ratio (constant mass flow rate) scenario, the limiting 
factor is the H2 supply at the anode. This is because maintaining c at 6 (higher than the 
constant mass flow rate case) does not improve fuel cell performance, while keeping a at 
3 (lower than the constant mass flow rate case) gives worse results. 
 
4.2.8 Constant Relative Humidity 
Relative humidity is defined as partial pressure of water vapor to the saturation 





OH2           (4.6) 
Saturation pressure (in Atm) is a function of temperature, Equation 4.7: 
   32 17.27374454.117.27351837.9)17.273(02953.01794.2  TeTeTPsat
           (4.7) 
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The partial pressure of water vapor is defined as the mole fraction of water vapor x 
absolute pressure at the inlet (P_total + P_operating). In this instance, the absolute pressure is 
unknown at the inlet as it depends on the channel configuration as well as the inlet mass 
flow supplied. Therefore, a feedback loop needs to be developed to obtain the absolute 
pressure from simulation, and the data fed back into the calculation in order to obtain the 
necessary relative humidity. 
A series of polarization points from 0.3 to 1.3 A/cm2 are computed to compare our 
prediction with Noponen et al’s (2004) experimental data. As the current density is 
increased, the anode flow rate is increased (from 2.238e-4 kg/s to 9.701e-4 kg/s), to 
maintain c at 2.3. Using a fixed water vapor mass fraction at the cathode (0.10), the 
relative humidity at the cathode varies from 82.5% to 100%. The static pressure increases 
from 12,800Pa to 48,500Pa, giving absolute pressure increase from 112,900Pa 145,200Pa, 
which is about a 28% increment. This explains the necessity to develop a MACRO to 
achieve the constant RH in the BC condition for each operating voltage. 
It is physically possible under special conditions to have moist air with RH greater 
than 100% (mist) under certain conditions. However, thermodynamically, water vapor 
pressure cannot be greater than the equilibrium vapor pressure at a given temperature. 
Therefore in the numerical calculation, as the phase change from water vapor to water 
mist is not modeled in detail (only the heat released by condensation from this 
phenomena is included), it becomes necessary to impose a limit of 100% on RH in order 
to comply to this thermodynamic constraint. 
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4.3 Experimental Uncertainty and Reproducibility 
To show experimental uncertainties and technical difficulties associated with data 
reproducibility, extensive comparisons were carried out between numerical simulations 
with experimental data from four research groups as noted below: 
1. Experimental data from Temasek Poly, Singpore by A*STAR Researchers (2008) 
2. Experimental data from Department of Mechanical Engineering, University of 
Miami, reported by Wang et al (2003) 
3. Experimental data from Mechanical and Electronic Engineering Division, Los 
Alamos Natinal Laboratory, reported by Ticianelli et al (1988) 
4. Experimental data from Laboratory of Advanced Energy Systems, Helsinki 
University of Technology, reported by Noponen et al (2004) 
Only one of the benchmarking cases (with Noponen et al (2004)) can establish a 
reasonably good comparison between simulation and experimental data for both global 
and local variables. This is mainly due to the uncertainty arising from the electrochemical 
parameters and component properties, as well as the lack of robust equipment to produce 
and precisely measure the operating conditions such as flow rate, pressure, relative 
humidity and temperature. 
 
4.3.1 Comparison with Temasek Poly data 
The actual geometric model and description for the 3.1cm x 3.1cm MEA PEM Fuel 
Cell is shown in Appendix 5. It consists of 14 turns of a single serpentine channel at both 
the cathode and anode bipolar plates. The membrane is derived from ETEK SERIES 
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12E-N/W (see Ref. 109). The operating conditions used in both experimental work and 
numerical simulation exercises are summarized in Table 4.2. 
Table 4.2: Operating Conditions Used in Temasek Poly PEMFC Experimental Data 
Anode inlet   
Anode mass flow rate (H2), (kg/s) 1.035e-06 
Mass fraction of H2, 2Hy  1 
Mass fraction of H2O, OHy 2  0 
Temperature, C 24 
Operating Pressure, Atm 1.2 
Cathode inlet  
Cathode mass flow rate (O2 + H2O + N2), (kg/s) 1.234e-05 
Mass fraction of O2, 2Oy  0.23 
Mass fraction of H2O, OHy 2  0.03 
Mass fraction of N2, 2Ny  1- 2Oy - OHy 2  
Temperature, C 24 
Operating Pressure, Atm 1.2 
In the simulations, both anode and cathode mass flow rate are obtained from the CFD 
calculation by imposing 1.2 Atm at the anode and cathode back pressure, as these are the 
only measurable variables in the experimental setup. Besides, the electrochemical 
parameters and component (MEA and electrodes) properties are also prescribed based on 
the limited information available in the product catalogue (see Ref. 109). 
The three major classifications of losses that result in the drop from open circuit 
voltage are (1) activation polarization, (2) Ohmic polarization, and (3) concentration 
polarization. Mathematically, the fuel cell j-V behavior (polarization curve) can be 
written as equation 4.8 (O”Hayre et al, 2006): 








ohmicCCAAthermo lnASRlnln   (4.8) 
In its most general form, the above simple mathematical model has the following seven 
“fitting constants” to be determined:  
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 aA,, aC, bA, bC, (from activation loss region) 
 ASRohmic (from Ohmic loss region), and  
 c and jL (from concentration loss region).  
To obtain good validation with the voltage and integrated current density data, the 
experimental polarization curve is segregated into three regions. Detailed comparison 
between simulation and experiment on each region can then be carried out to obtain the 
necessary fitting constants. Finally, the simulation parameters from each region are 
combined into the full model constants. These three steps have been established for 
comparison with experimental data from TP (2008): 
1. Obtain the electrochemistry parameters based on the activation loss at low current 
density (OCV – 0.7V). 
2. Investigate the slope of the polarization to estimate the Ohmic loss (0.7 – 0.5V), 
at medium current density  


















CFD cathode ex. coeff = 1.2
CFD cathode ex. coeff = 1.0
 
Figure 4.8: Comparison between present CFD results with Temasek Poly experimental 
data (2008) 
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Figure 4.8 compares the CFD model results with TP experimental data (2008). Even 
though extensive simulations were carried out to ascertain the necessary input and 
material properties, uncertainties still arise due to the absence of measured 
electrochemical parameters. Therefore comparison of our model with TP data is still 
incomplete. 
 
4.3.2 Comparison with experimental data of Wang et al (2003) 




















Experimental (Wang et al, 2003)
CFD simulation with multiphase model
 
Figure 4.9: Comparison between present CFD results with experimental data of Wang et 
al (2003) 
 
The geometry used in the experiments is a single serpentine channel. However, 
details of the configuration, such as channel length, width and height are not provided in 
the paper. Prior simulation work (Schwarz et al, 2007) from literature was carried out 
assuming a single channel flow. Hence, this cannot be considered model validation. The 
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current simulation model results are shown in Figure 4.9. Again, due to the lack of full 
geometry details, the comparison is not a true validation of our model. Surprisingly, 
Schwarz et al (2007) was able to achieve perfect comparison with the experimental data 
from Wang et al (2003) using the “assumption” of segmented channel flow geometry. 
 
4.3.3 Comparison with experimental data of Ticianelli et al (1988) 
Figure 4.10 compares current CFD model results with the experimental data of 



















Experiment, Ticianelli et al (1988)
CFD Simulation
 
Figure 4.10: Comparison between present CFD results with experimental data of 
Ticianelli et al (1988) 
 
Full detailed geometry and dimensions of the various fuel cell components (e.g. flow 
channel, bipolar plate, gas diffusion later, catalyst and membrane) used are not provided 
in this paper. Therefore, the comparison of the current model with experimental data 
from Ticianelli et al (1988) is not favorable. 
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4.3.4 Comparison of with experimental data of Noponen et al (2004) 
Simulations were carried out to compare our model predictions with the experimental 
data of Noponen et al (2004). The present CFD model was applied for the two cases 
noted below. 
1. Simulation model with 3D geometry 
2. Simulation of the low thermal conductivity porous net flow distributor 
 
4.3.4.1 Simulation model with 3D geometry 
 
Figure 4.11: 3D Schematic diagram of experimental setup from Noponen et al (2004) 
with porous net flow distributor, segmented into 4 rows and 8 columns 
 
Noponen et al (2004) carried out experiments to measure the local current density 
distribution by using the net flow distributor configuration (c.f. Figure 4.11). This 
experiment was performed without any connection between the current collector and the 
GDL, as they are separated by the porous net flow distributor. The current was measured 
within a segmented cell (anode current collector is segmented into 4 rows and 8 columns). 
Inflow 
Outflow 
Porous Net Flow 
Distributor (Porous 
Gas Channel) 
y, span-wise x, stream-wise 
z, transverse 
Experimental setup from 
Noponen et al (2004) 
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The local current density variations in the span-wise direction can be neglected (except at 
the two end walls side), as the velocity and species distribution mainly varies along the 
stream-wise flow and transverse directions across the MEA. The corresponding 
simulation model can thus be reduced to 2D. However, to investigate the geometry effect 
on the global current density, a 3D model was constructed with an additional component 
of a current collector making connections directly with the GDL. The thermal and 
electrical conductivities of current collector are similar to those of the net flow distributor, 

















Experiment, Noponen et al (2004)
CFD Simulation, with multiphase
model
 
Figure 4.12: Comparison of the global polarization curve: 3D simulations with 
experimental data of Noponen et al (2004) 
 
Figure 4.12 shows the comparison of global polarization curve between the 3D 
simulations and the experimental data of Noponen et al (2004). It is noted that the global 
polarization curve compares well to the experimental results. However, the liquid 
saturation factor is found to be too high, reaching 23% at the high current density of 1.3 
A/cm2; while the model of Noponen et al (2004) shows that it only reaches 7%. This is 
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attributed to the 3D nature of the current collector in our simulation. It hinders the liquid 
water transport directly from the GDL to the porous gas channel and traps a large amount 
of liquid water. Although the global current density of our 3D model matches well with 
the experimental data, the liquid saturation factor is too high. This confirms that 
comparing modeling results with experimental results only in global terms is not a full 
validation of the model. A good fit may be obtained by adjusting a few parameters, even 
with a mismatch in geometrical dimensions. 
 
4.3.4.2 Simulation Model for Low Thermal Conductivity of Porous Net Flow  
  Distributor 
For this 2D simulation model, a porous net flow distributor is the only avenue for 
current and heat conduction from the electrode to the bipolar plate. The effective thermal 
conductivity of this net flow distributor is given by    mixturegasseff kkk _1   (Vafai, 
2000), where  = porosity of the porous net flow distributor, 0.93 (Jeng et al, 2005). 
kgas_mixture = thermal conductivity of humidified air/H2, about 0.025 W/mK and 
0.14 W/mK at cathode and anode gas channel, respectively 
ks = thermal conductivity of solid matrix, W/mK 
From this equation, it can be seen that thermal conductivity of solid matrix has a 
significant impact on the effective thermal conductivity of the net flow distributor. In the 
2D simulation, sensitivity analysis for the effect of different solid matrix thermal 
conductivity has been carried out for ks = 500 W/m.K and 5 W/m.K. The case with 
thermal conductivity of 500 W/m.K represents actual material properties from the 
experiment. This section discusses the detailed comparison with experiments for the case 
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with net thermal conductivity of 5W/m.K. Figure 4.13 compares the polarization curve 















Experiment, Noponen et al (2004)
2D CFD Simulation
 
Figure 4.13: Comparison of the global polarization curve between 2D simulation (solid 
matrix thermal conductivity = 5W/mK) with experimental data from Noponen et al (2004) 
 
From Figure 4.13, it is noted that although reasonable agreement is obtained for the 
global current density at i values lower than 1.1 A/cm2, at higher current densities, e.g. 
1.3 A/cm2, the simulation results show fast deterioration of the performance compared to 
the actual experimental one. The case of lower ksolid (5 W/mK) underestimates the 
operating voltage. With higher ksolid (500 W/mK), the model yields similar operating 
voltage to the experimental value (refer to Figure 4.21). This is mainly due to the 
increased temperature in the lower ksolid scenario which causes the membrane protonic 
conductivity to decrease sharply. Figure 4.14 compares the temperature and proton 
conductivity for ksolid of 500 and 5 W/mK. It shows that for 5 W/mK, at 1.3 A/cm2, the 
temperature increase is high (14C comparing to actual value of 6C) and the average 
protonic conductivity is reduced by 42% (3.4 S/m compares to the actual value of 5.9 
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S/m). It also shows that the effect of the net thermal conductivity on the polarization 





































temperature, k = 5W/mK
temperature, k = 500W/mK
proton conductivity, k = 5W/mK
proton conductivity, k = 500W/mK
 
Figure 4.14: Comparison of temperature and proton conductivity profile along cathode 
catalyst layer at i = 1.3 A/cm2 for two different net thermal conductivities 
 
Figure 4.15 compares local current density distribution between 2D simulation model 


















Experiment, Noponen et al (2004)
2D CFD simulation, k = 5 W/mK
2D CFD simulation, k = 500 W/mK
 
Figure 4.15: Comparison of the local current density at i = 1.3A/cm2 between 2D 
simulations and experimental data of Noponen et al (2004) 
 
As noted earlier, the local current density comparison at i = 1.3A/cm2 in Figure 4.15 
shows a substantial difference between the two values of thermal conductivity. The 
scenario with higher ksolid is able to recover the local current density faster. This is mainly 
due to the higher heat transfer rate and decreased temperature effect. The case thus 
exhibits a trend that is similar to the experimental one. It shows an initial drop in current 
density near the entrance region and a subsequent peak obtained in the intermediate 
section (1cm). For the case of low ksolid, the 2D simulation result does not show any peak 
in the intermediate section, in contrast with the experimental trend which indicates a local 
maximum at nearly halfway along channel length. This is once again similar to the 
observation that a comparison of fuel cell model results on the global polarization curve 
is necessary, but it is not sufficient for model validations. It is thus crucial to look into the 
local variables in order to obtain full validation. 
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4.4 Validation with Experimental Data from Noponen et al (2004) 
An excellent comparison with the experimental results from Noponen et al (2004) 
was obtained after: 
1. Removing the extra component of current collector making connection with GDL. In 
this case the model geometry dimension can be simplified from 3D to 2D. At 1.3 
A/cm2, excessive liquid saturation obtained in 3D simulation (23%) was reduced to 
the more realistic value of 12%, which is nearer to the modeling results of 6% from 
Noponen et al (2004). 
2. Increasing the effective thermal conductivity of the net-type porous cathode gas 
channel from the sensitivity analysis value of 0.05W/mK to the correct value of 
5W/mK. At 1.3A/cm2, with the net porous channel thermal conductivity of 0.05 
W/mK, high temperature 14C was obtained. However, when using the actual value 
of 5W/mK, the temperature at the catalyst layer was 6C, in agreement with the 
temperature range of 4-60C that was measured by Vie and Kjelstrup, (2005). 
 
4.4.1 Geometry Model 
Figure 4.16 shows the schematic diagram of the computational domain used in the 2D 
simulation work for the necessary validation study. 
 














(b) Enlarged view of the channel and   (c) Enlarged view of the MEA 
      current collector  
Figure 4.16: Schematic diagram of the 2D geometrical model 
 
Table 4.3 shows the various geometrical parameters used in the validation model. 
Table 4.3: Geometrical Parameters Used in the Validation Model 
Geometry Value Ref. 
Dimension 2D Noponen et al. (2004)
anode distributor straight channel Noponen et al. (2004)
anode gas channel length 90mm Noponen et al. (2004)
anode gas channel height 0.5mm Noponen et al. (2004)
anode current collector thickness 0.5mm Assumed 
anode GDL thickness 0.28mm Noponen et al. (2004)
anode catalyst thickness 10m Noponen et al. (2004)
cathode distributor straight channel Noponen et al. (2004)
cathode gas channel length 90mm Noponen et al. (2004)
cathode gas channel height 0.5mm Noponen et al. (2004)
cathode current collector thickness 0.5mm Assumed 
cathode GDL thickness 0.28mm Noponen et al. (2004)
cathode catalyst thickness 10m Noponen et al. (2004)
cathode numerical current collector 
thickness 0.1mm 
Assumed 
membrane thickness 50m Noponen et al. (2004)
MEA area 90mm x 1m  
 
 
Cathode Current Collector 
Cathode Gas Channel 
Cathode Gas Diffusion Layer 
Cathode Numerical Current Collector 
Anode Current Collector 
Anode Gas Channel 
Anode Gas Diffusion Layer 
Membrane 
Cathode Catalyst Layer 
Anode Catalyst Layer 
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4.4.2 Model Parameters 
Tables 4.4 to 4.6 summarize the electrochemical parameters, gas diffusivities and 
multiphase model parameters used in the validation case. 
Table 4.4: Electrochemistry Parameters 
Electrochemistry parameters  Value Ref. 
anode reference current density, refanodeoj ,  , A/m3 1.00e+09 
Ju et al (2005) 
anode reference concentration, refHc 2 , kmol/m3 0.04088 
Ju et al (2005) 
anode concentration exponent, a 0.5 Ju et al (2005) 
anode exchange coefficient, a 1 adapted 
cathode reference current density, refcathodeoj , , A/m3 4.00e+06 
adapted 
cathode reference concentration, refOc 2 , kmol/m3 0.04088 
Ju et al (2005) 
cathode concentration exponent, c 1 Ju et al (2005) 
cathode exchange coefficient, c 1.7 adapted 
 
Table 4.5: Gas Diffusivity Parameters 
Reference Diffusivity parameters  Value 
Ref. 
H2, m2/s 1.10e-04 Ju et al (2005) 
O2, m2/s 3.23e-05 Ju et al (2005) 
H2O, m2/s 7.35e-05 Ju et al (2005) 
 
Table 4.6: Multiphase Parameters 
Multiphase parameters  Value Ref. 
Saturation exponent for pore blockages 2.5 Um et al (2000) 
 
Table 4.7 and 4.8 tabulates the anode and cathode component properties, whereas 




Table 4.7: Anode Component Properties 
  Value Ref. 
Anode current collector   
Electrical conductivity, sol (1/Ohm-m) 2.00e+04 Noponen et al. (2004)
Thermal conductivity, ksol (W/mK) 20 
Wang et al. (2006) 
Anode Gas Diffusion Layer    
Porosity, GDL 0.4 Birgersson et al (2006)
Permeability, GDL (m2) [1/viscous resistance] 7.30e-13 Noponen et al. (2004)
Electrical conductivity, GDL (1/Ohm-m) 5.00e+02 Noponen et al. (2004)




Wang et al. (2006) 
Contact angle, c 0 Birgersson et al (2006)
Anode gas channel   
Water content,  0 Physical assumption 
Net-flow electrical conductivity, net (1/Ohm-m) 1.00e+05 Noponen et al. (2004)
Net-flow thermal conductivity, knet (W/mK) 
71 
(Effective = 5)
Wang et al. (2006) 
Net type Porosity, net 0.93 Jeng et al. (2005) 
Net type Permeability, net (m2) [1/viscous 
resistance] 1.00e-10 
Noponen et al. (2004)
Anode Catalyst Layer    
Porosity, CAT 0.4 Birgersson et al (2006)
Permeability, CAT (m2) [1/viscous resistance] 7.30e-13 Noponen et al. (2004)
Electrical conductivity, CAT (1/Ohm-m) 5.00e+02 Noponen et al. (2004)




Wang et al. (2006) 
Surface to volume ratio, , (1/m) 1.00e+05 Calculated 




Table 4.8: Cathode Component Properties 
  Value Ref. 
Cathode current collector    
Electrical conductivity, sol (1/Ohm-m) 2.00e+04 Noponen et al. (2004)
Thermal conductivity, ksol (W/mK) 20 
Wang et al. (2006) 
Cathode Gas Diffusion Layer    
Porosity, GDL 0.4 Birgersson et al (2006)
Permeability, GDL (m2) [1/viscous resistance]  7.30e-13 Noponen et al. (2004)
Electrical conductivity, GDL (1/Ohm-m) 5.00E+02 Noponen et al. (2004)




Wang et al. (2006) 
Contact angle 0 Birgersson et al (2006)
Cathode gas channel   
Water content,  0 Physical assumption 
Net-flow electrical conductivity, net (1/Ohm-m) 1.00e+05 Noponen et al. (2004)
Net-flow thermal conductivity, knet (W/mK) 
71 
(Effective = 5)
Wang et al. (2006) 
Net type Porosity, net 0.99 Birgersson et al (2006)
Net type Permeability, net (m2) [1/viscous 
resistance] 1.00e-10 
Noponen et al. (2004)
Cathode Catalyst Layer    
Porosity, CAT 0.4 Birgersson et al (2006)
Permeability, CAT (m2) [1/viscous resistance] 7.30e-13 Noponen et al. (2004)
Electrical conductivity, CAT (1/Ohm-m) 5.00e+02 Noponen et al. (2004)




Wang et al. (2006) 
Surface to volume ratio, , (1/m) 1.00e+05 Calculated 




Table 4.9: Membrane Properties 
Material  GORE membrane Ref. 
Equivalent weight, (kg/kmol) 1100 Springer et al (1991) 
Protonic conduction coefficient,  1 Springer et al (1991) 
Protonic conduction exponent,  1 Springer et al (1991) 
Membrane porosity, mem 0.28 Birgersson et al (2006)
Electrical conductivity, mem (1/Ohm-m) f(, , , , T) Springer et al (1991) 
Thermal conductivity, kmem (W/mK) 0.95 Wang et al. (2006) 





4.4.3 Boundary Conditions 
Table 4.10 shows the boundary conditions for the anode and cathode used in the 
validation exercise. These values correspond to the actual operating condition. 
 
Table 4.10: Operating Conditions in the Validation Case 
Anode inlet  Value 
Anode mass flow rate (H2), (kg/s) a = 3.35 
Mass fraction of H2, 2Hy  1- OHy 2  
Mass fraction of H2O, OHy 2  100% RH at 60C 
Temperature, C 60 
Operating Pressure, Atm 1 
Cathode inlet  
Cathode mass flow rate (O2 + H2O + N2), (kg/s) c = 2.3 
Mass fraction of O2, 2Oy  0.23 
Mass fraction of H2O, OHy 2  100% RH at 60C 
Mass fraction of N2, 2Ny  1- OHy 2 - 2Oy  
Temperature, C 60 




4.4.4 Mesh Independence Study 
A mesh independence study was carried out to establish model fidelity. Simulations 
were carried out using a grid size of 7,920 cells, in which the computer CPU time is 
about 15 minutes using a single Intel processor 1.6GHz, 1GB RAM. To assess mesh 
independence, a much denser mesh with a grid size of 273,600 cells was generated and 
the computation was carried out using 4 parallel AMD Dual Core-Duo Processors, 
2.6Ghz, 4GB RAM. As these were much more intensive simulations, they required about 
2 hours of CPU time to obtain converged solutions after about 1000 iterations. Table 4.11 
summarizes the grid size distribution for the 7,920 and 273,600 computational cells. 
 
Table 4.11: Grid size distribution for mesh numbers of 7,920 and 273,600 
























Membrane 0.05 4 120 10 1800 
Catalyst 0.01 3 120 6 1800 
GDL 0.28 7 120 25 1800 
Gas Channel 0.5 10 120 20 1800 
Current 
collector 




0.1 2 120 4 1800 
 
Figure 4.17 shows enlarged views of the graphical mesh size distribution for the 
7,920 and 273,600 computational cells models. 
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(a) 7920 cells    (b) 273,600 cells 
Figure 4.17: Mesh size distribution for two different mesh densities tested 
Table 4.12 summarizes the global results obtained using these two different mesh 
densities. Figures 4.18 to 4.20 compare the local values obtained from the simulation. 




Voltage (V) Temperature 











7,920 1 0.623 4.47 0.126 20,900 

















7,920 cells 273,600 cells
 
Figure 4.18: Comparison of the predicted local current density along the anode bipolar 



























7,920 cells 273,600 cells
 
Figure 4.19: Comparison of the local O2 concentration along the cathode gas 
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Figure 4.20: Comparison of the local temperature along the center line, i = 1A/cm2, for 
two different mesh densities 
 
Figure 4.21 shows the variation of the residuals with number of iterations for two 








(a) 7920 cells     (b) 273,600 cells 
Figure 4.21: Convergence residual for two different mesh densities 
 
From Table 4.12 and Figures 4.18 to 4.20, it can be seen that both global and local 
values from these two different mesh densities match reasonably well; only a slight 
deviation (0.1%) occurs for the predicted voltage. A larger number of meshes generally 
have a smoothing effect on the simulation output. However, both meshes eventually 
produce residual values about 1e-05 (c.f. Figure 4.21) and are hence considered 
converged results. In view of the computing time and also the massive computer 
resources required for the higher mesh density case, it was not deemed necessary to carry 
out such intensive simulations with a 273,600 cell grid. The smaller mesh of 7,920 cells 
is considered sufficiently accurate to capture the multi-physics and transport phenomena 
involved in this fuel cell simulation. 
4.4.5 Validation Results 
4.4.5.1 Global Polarization Curves 
Figure 4.22 shows a comparison of the polarization curve obtained using the 2D 
simulation model with the experimental data from Noponen et al (2004). Good agreement 

















Experiment, Noponen et al (2004)
CFD Simulation
 
Figure 4.22: Comparison of global polarization curve between 2D simulations with 
experimental data from Noponen et al (2004) 
 
Further simulation with both potentiostatic and galvanostatic boundary conditions 
were performed (see Figure 4.23). This is to ascertain that a numerical current collector 
of sufficiently high electrical conductivity (1e6 S/m) is able to produce accurate results 
for both cases. As shown in Figure 4.12, if the electrical conductivity of the actual bipolar 
plate is low (e.g. 7,500 S/m), then a “numerical” bipolar plate with a fictitiously high 
value of electrical conductivity is required to recover the galvanostatic simulation results 
from its potentiostatic counterpart. In this simulation, the numerical bipolar plate of 1e06 


















CFD Simulation - galvanostatic
CFD Simulation - potentiostatic
 
Figure 4.23: Comparison between potentiostatic and galvonostatic boundary conditions 
 
Experimental results from Noponen et al (2004) are available only up to 1.3 A/cm2, 
and therefore validation of polarization curve is valid only up to 1.3 A/cm2. However, 
simulations for higher current density values have been carried out in order to assess the 
limiting current density (see Figure 4.24). It shows that the current model is capable of 


















Experiment, Noponen et al (2004)
CFD Simulation
 
Figure 4.24: Global polarization curve of the 2D simulations results 
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4.4.5.2 Local Current Density Variations and Drop at Entrance Region 
Figure 4.25 compares the local current density distribution between the 2D simulation 
model with the experimental data from Noponen et al (2004). Near the entry region of the 
channel, there is about a 40% difference in the local current density obtained by 
simulation and the experimental data. Our simulation overestimates the current density 
relative to the experimental data over the first 1/3 of the channel length. This difference 
can be attributed to the 3D geometry of the experimental setup which uses manifold to 
deliver the gas/oxidant transversely to the MEA. This 3D transverse effect is not 
considered in our current 2D simulation model, as the flow is directly delivered to MEA 
in the stream-wise direction. However, the general trend of the local maximum current 
density produced from the experimental data is well captured by the simulation model, as 
the local maximum of 1.16 A/cm2 obtained from computer simulation is close to the 
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Figure 4.25: Comparison of local current density between 2D simulations with 
experimental data from Noponen et al (2004), i = 1.1A/cm2 
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From Figures 4.18 and 4.25, it is observed that there is a drastic drop in the local 
current density at the entry of the channel flow. One related phenomena to the above 
observation is the excess liquid water saturation in the channel entry region. This is 
caused by the low value of net porous channel permeability (1e-10m2), which generates a 
higher pressure at the gas channel in the entry region and drives high humidity (100% RH) 
air towards the catalyst layer. When the net permeability is increased from 1e-10 to 1e-
05m2, the high pressure region shifts towards the catalyst layer (Figure 4.26), hence 
displacing the liquid water generated in the catalyst layer.  
Figure 4.26: Comparison of predicted static pressure profile along gas channel and GDL 
near the channel entry at two different net porous channel permeability values 
 
The plot of the velocity flow field around the cathode GDL near the channel entry 
region (c.f. Figure 4.27) for two different values of the net permeability shows that the 
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increased from 1e-10m2 to 1e-05m2. Therefore, when the net permeability is increased, 
excess liquid water is removed from the cathode catalyst layer. 
 
 
Figure 4.27: Flow field around the GDL in the channel entry region for two different net 
porous channel permeability values 
 









The plot in Figure 4.28 shows that the liquid saturation factor for 1e-05m2 vanishes 
(Fig. 4.28(b)) compared to 17% at the lower permeability value of 1e-10m2 (Fig. 4.28(a)). 
This implies that lower net permeability is favorable to reduce water content but not 
necessarily advantageous to fuel cell performance as it can reduce the membrane proton 
conductivity and thus current density (see Figure 4.30). 
 
 
Figure 4.28: Liquid water saturation in the channel entry region for two different net 
porous channel permeability values 









When the net permeability is increased, the velocity along the net flow distributor 
changes from a flat profile towards a parabolic profile (c.f. Figure 4.28). This further 
facilitates water suction from the catalyst layer, and hence enhances the water removal 
capability near the channel entrance. Therefore, the liquid water saturation factor 
disappears at this higher net permeability of 1e-05m2 (see Figure 4.27(b)). 
 
 
Figure 4.29: Flow field around net flow distributor at the channel entry region for two 
different net porous channel permeability values 
(b) Net permeability = 1e-05m2
(a) Net permeability = 1e-10m2
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Figure 4.30 shows the computed local current density distribution for two different 
values of net porous channel permeability. Generally, the lower permeability value (1e-
10m2) can produce a higher current density at the upstream regime (about 2cm from 
entrance) as it keeps the membrane hydrated with the associated higher liquid saturation 
factor (c.f. Figure 4.28(a)). However, a drastic drop in current density (about 0.5cm from 
the entry region) is observed for this lower permeability value, attributed to the adverse 
effect of liquid water accumulation. Nevertheless, when the net flow distributor 
permeability value is increased from 1e-10m2 to 1e-05m2, the drastic drop in the local 
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Figure 4.30: Comparison of local current density along anode bipolar plate for 
two different net porous channel permeability values 
 
The plot of transverse velocity along the centerline of GDL in Figure 4.31 shows that 
at higher net permeability (1e-05m2), the flow within the first half of the channel length 
(4.5cm) is mainly moving away from the catalyst layer. For lower net permeability (1e-
Drastic drop in local current density 
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10m2), the saturated air from the cathode inlet is directed towards the catalyst layer only 
near the channel entry (about 0.05cm from the inlet), but afterwards the flow is directed 
away from the catalyst layer. At the second half of channel length (> 4.5cm), both cases 
have the flow in the GDL directed towards catalyst layer. This phenomenon reflects the 
way water vapor and O2 are carried towards or away from the catalyst layer by 


























Net Flow Distributor permeability = 1e-05m2
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Figure 4.31: Predicted transverse velocity along cathode GDL centerline for two different 
net porous channel permeability values 
 
Figure 4.32 shows the corresponding mapping between current density and transverse 
velocity for net flow distributor permeability value of 1e-05m2. From this Figure 4.32, it 
shows that when the flow within the cathode GDL is directed away from cathode catalyst 
layer, the local current density improves and vice verse. This is due to the capability of 
removing the excess liquid water when the flow is directed away from catalyst layer. 
-ve  Flow away from catalyst layer 

































Figure 4.32: Current density along anode bipolar plate and transverse velocity along 
cathode GDL centerline for net porous channel permeability of 1e-05m2 
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Figure 4.33: Temperature profile across MEA at different current densities 
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Figure 4.33 depicts the temperature profile in the transverse direction from the 
cathode flow channel to the anode gas channel, passing across the MEA at different 
current densities. It is observed that at 1 A/cm2, a temperature difference of about 4.50C is 
obtained for the cathode catalyst layer, after incorporating heat generation in the cathode 
catalyst layers (related to the reversible cell potential) and deactivating the heat energy 
released in the chemical reaction in the formation of water. This is within the temperature 











































Figure 4.34: Temperature increase and liquid saturation factor at the cathode catalyst 
layer 
 
Figure 4.34 shows the temperature rise and liquid saturation factor predicted by the 
model. The temperature rise is slightly lower than the model results from Noponen et al 
(2004) - our maximum is 70C as compared to Noponen et al’s (2004) value of 100C. The 
liquid saturation factor obtained from this simulation result, 12%, is higher than that from 
the model of Noponen et al (2004), about 6%. 
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4.4.5.4 Multiphase Model Results 
To further explain the drastic drop of local current density in the channel entry region, 
additional simulations without multiphase capability (hence the liquid saturation factor is 



















Figure 4.35: Comparison of local current density along the anode bipolar plate, with and 
without accounting for multiphase physics 
 
It is observed that the sudden drop in current density near the channel entry 
disappears when the multiphase model is not adopted. Therefore, the sudden decrease in 
the current density is due to the high liquid water saturation at the channel entry (c.f. 
Figure 4.36). This high liquid water saturation factor is caused by firstly, the high local 
pressure at the net flow distributor (c.f. Figure 4.26) near the channel entry that pushes 
the saturated flow towards the catalyst layer (c.f. Figure 4.27) and secondly, the thinner 
boundary layer at the entrance regions which allows more diffusion of water vapor into 

































Figure 4.36: Liquid saturation at the cathode accounting for multiphase physics 
 
4.4.5.5 Effect of Cathode Relative Humidity 
The current simulation is carried out for 100% cathode inlet relative humidity. 
Additional simulations with lower RH (e.g. 50% or 25%) were also performed in order to 
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Figure 4.37: Comparison of local current density distribution along anode bipolar plate at 
different cathode RH 
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From Figure 4.37, although the previously noted drop in the current density for RH = 
100% is still present, a closer look at the quantitative values show that the drop is 
insignificant as compared to the overall trend along the channel. From the other lower 
RH results, they produce a more uneven local current density distribution and hence 
catalyst utilization. Moreover, lower cathode RH produces lower current density as 
shown in Table 4.13. 
Table 4.13: Average current density for different cathode RH 
RH (%) 10 30 50 100 
Average current density 
(A/cm2) 0.45 0.54 0.59 0.62 
 
It can be shown that for net flow distributor with a low permeability value (1e-10m2), 
there is always a flow of reactants towards the catalyst layer at the GDL in the upstream 
locations near the inlet. A high RH at the inlet is causes high liquid water to be 
accumulated locally and therefore a sudden drop in the initial current density is expected. 
Nevertheless, the standard deviation of the localized current density with higher RH still 
remains low, as compared to the cases with lower RH. Increasing the RH has the effect of 
achieving more uniform current density, and hence catalyst utilization. This is attributed 
to the evenness of the membrane humidification. 
 
4.5 Closing Remarks 
Numerical simulations with the various essential basic parameters used in PEMFC 
modeling were performed to validate the computer code over a wide range of input 
parameters. These include the electrochemical parameters, multiphase mist model, 
galvonostatic boundary condition setting as well as constant stoichiometric ratio and inlet 
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RH. The multiphase mist model shows that it has a significant impact in causing 
reduction of current density, especially at higher operating pressures. When using the 
galvanostatic boundary condition, it is crucial to include a numerical current collector 
with a fictitiously high electrical conductivity (e.g. 1e06 S/m) in order to recover the 
corresponding potentiostatic results. 
Comparison was made between numerical simulation results with experimental data 
from Temasek Poly, Wang et al (2003), Ticianelli et al (1988) and Noponen et al (2004) 
Good agreement of the global polarization curve was obtained by comparing our 2D 
simulation results with the experimental data of Noponen et al (2004). Local variable 
distributions such as current density, temperature and liquid water saturation factor 
arising from multiphase model were also analyzed. An initial drop in the local current 
density was found to be caused by the low net flow distributor permeability, resulting in 
saturated air moving towards the catalyst layer and accumulating liquid water in the 
channel entry region. 
As the computer code is fully verified over a wide range of parameters and 
validated with relevant experimental data, it can be used as the basic tool for further 
modeling to evaluate novel designs, e.g. impinging jets and self-air breathing PEMFC. 
This will be carried out in the following chapters. 
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Chapter Five: Mass Transport Enhancement with Impinging  
   Jet Configuration in PEMFC 
5.1 Introduction 
The performance of a fuel cell is largely dependent on the convective mass transfer 
rate in the gas channel distributors and the diffusion mass transfer rate in the gas 
diffusion layer (GDL). This mass transport limitation governs the onset of the limiting 
current density value. One of the possible techniques to enhance the mass transfer rate of 
reactant gases is to use the impinging jet configuration. The idea has been used widely in 
various heating/cooling and drying/humidifying industrial processes, such as paper 
drying, thermal treatment of materials in rolling mills, cooling and annealing of metal and 
plastic sheets. Large local heat and mass transfer rates can be achieved, due to the thin 
hydrodynamic, thermal and concentration boundary layers within the impingement zone. 
Anantawaraskul and Mujumdar (1999) amongst others have proposed several useful 
techniques for the enhancement of impinging jet heat and mass transfer. 
In the past, several techniques for mass transport enhancement in PEMFC have been 
proposed and evaluated (e.g. interdigitated, serpentine and parallel channels). More 
literature on this topic can be found in Chapter Two. To extend previous work on mass 
transport enhancement in PEMFC, we propose and evaluate via simulation an innovative 
single and multiple impinging jet design. 
Figure 5.1 shows a schematic diagram of a single impinging jet on the cathode side of 
a PEMFC. It is implemented on the cathode side (rather than the anode) due to the slower 
reaction kinetics there governing the overall fuel cell performance. Here, the reactant is 
supplied through a vertical opening created within the bipolar plate and connected 
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perpendicularly to the gas channel. This impinging jet fluid delivery system supplies the 
fresh reactant transversely towards the catalyst region. This is different from the 
conventional serpentine or channel flow delivering the reactant along the stream-wise 
direction. In our proposed design, the jet of O2 impinges on the porous gas diffusion 
layer. The reduced O2 concentration boundary layer thickness is expected to enhance the 
mass transport rate to the catalyst region and further alleviate reactant depletion in the 
flow downstream. 
 
Figure 5.1: Impinging Jet in PEMFC 
Figure 5.2 describes the practical and feasible design of using the impinging jet 
configuration in PEMFC (hereafter referred as IJ-PEMFC) for both the single and stack 
cell, respectively. This is the multiple jet design, but it can be easily reduced to a single 
jet by closing up the other unused jets. The IJ-PEMFC in comparison to the conventional 
parallel and serpentine channel simply requires extra thickness of the bipolar plate (e.g. 
3mm thickness comparing to normal 1.5mm). This gives provision for the chamber on 
top of the impinging jet and the fabrication of the perforated bipolar plate. Apart from this 
modification, the manifold gas channel and flow pumping requirement remain similar. 
Therefore, a simple yet innovative design for flow distributors in PEMFC is proposed. 
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(a) Single Cell 
 
(b) Stack Cell 
Figure 5.2: Feasible Design of IJ-PEMFC 
The objective of this work is to examine via simulations the concept of utilizing 
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Parametric studies with different net types and GDL permeability values have also been 
performed. From the author’s review of literature, no researchers have discussed the 
impinging jet concept in PEMFC. It was first proposed by Mujumdar (2004) when this 
thesis research was defined. 
 
5.2 2D Cathode Side Single Impinging Jet Design 
Simulation of the single central impinging jet in the cathode channel and a 
conventional straight anode channel was carried out. The results were compared with the 
equivalent straight channel flow case. In this IJ-PEMFC simulation, given that the jet 
opening is created in the bipolar plate, it takes out a small fraction of the current collector 
area that is available for current conduction. As such, when the galvanostatic BC is 
applied at the cathode current collector, one has to make sure that the total current applied 
to the simulation model matches the required current density. For example, in this typical 
case of MEA area of 90mm (per unit meter depth), with the impinging jet width of 
0.5mm, the total area for current conduction is reduced to 89.5mm2. For a current density 
of 1A/cm2, the current flux applied at the cathode current collector has to be increased to 
90/89.5*1 = 1.005586 A/cm2. This correction factor contributes to a significant difference 
if the impinging jet width is increased to a large value, e.g. 30mm, as done in our 
subsequent study. 
Figure 5.3 shows the geometry used in the simulation for a 2D single IJ-PEMFC design. 
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Figure 5.3: 2D Geometry for Cathode Side Single IJ-PEMFC 
For this 2D simulation, flow along x-z direction is referred as stream-wise and 
transverse direction, respectively. The channel length is 9cm, channel height is 0.5mm 
and the dimension of the jet inlet on the cathode side is 0.5mm. Anode channel is 
maintained as channel flow. All other electrochemical, reference diffusivities and 
multiphase model parameters, the anode/cathode electrodes and membrane properties as 
well as the operating conditions used in the previous chapter for model validation are 
implemented correspondingly in this IJ-PEMFC scenario. 
 
5.2.1 Effect of net flow distributor and GDL permeability 
The performance of impinging jet configuration with porous gas channel (or net flow 
distributor, hereafter referred as NFD) depends on the ideal combination of GDL and 
NFD permeability values. A total of 8 polarization curve predictions (120 simulation 
cases) with a combination of two different values of cathode GDL permeability (1e-09 
and 1e-12 m2) and two different values of cathode NFD permeability (1e-10 and 1e-08 
m2) for both straight channel (hereafter referred as SC) and single IJ-PEMFC (hereafter 
referred as SIJ-PEMFC) have been carried out to evaluate these characteristics. 
Normal NFD and GDL permeability () values are 1e-10m2 and 1e-12 m2, 
respectively. Simulations were also carried out with marco-porous GDL (Shimpalee et al, 
2005) of higher permeability values (1e-10m2 & 1e-09m2) and aluminium foam NFD 
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PEMFC and SIJ-PEMFC designs. This allows more of the jet flow to penetrate deeper 
into the catalyst site. 
For brevity, the simulation cases studies are renamed as follows: 
Case 1: GDL permeability of 1e-12m2 and NFD permeability of 1e-10m2 
Case 2: GDL permeability of 1e-09m2 and NFD permeability of 1e-10m2 
Case 3: GDL permeability of 1e-09m2 and NFD permeability of 1e-08m2 
Case 4: GDL permeability of 1e-12m2 and NFD permeability of 1e-08m2 
Table 5.1 shows the results of voltage and pressure drop across the NFD at a current 
density of 1 and 2 A/cm2 for Cases 1 to 4. 
Table 5.1: Comparisons between SC-PEMFC and SIJ-PEMFC designs computed with 
2D multiphase model 


















1 1.00e-10 1.00e-12 1 0.623 0.622 20,834 5,739 
2 1.00e-10 1.00e-09 1 0.611 0.620 4,072 1,239 
3 1.00e-08 1.00e-09 1 0.609 0.619 310 79 
4 1.00e-08 1.00e-12 1 0.609 0.620 351 89 
1 1.00e-10 1.00e-12 2 0.426 0.421 38,919 11,425 
2 1.00e-10 1.00e-09 2 0.136 0.357 8,221 2,536 
3 1.00e-08 1.00e-09 2 0.205 0.379 632 162 
4 1.00e-08 1.00e-12 2 0.246 0.379 713 182 
 
From Table 5.1, it is seen that for Case 1, both SC-PEMFC and SIJ-PEMFC designs 
have similar performance, viz. 0.623V and 0.426V at 1 and 2A/cm2, respectively. As 
GDL permeability increases from 1e-12 to 1e-09 m2 (Case 2), the SIJ-PEMFC 
outperforms SC-PEMFC, especially at a higher current density of 2A/cm2, as 0.357V is 
obtained for SIJ-PEMFC design whereas only 0.136V is attained by SC-PEMFC design. 
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However, as the GDL permeability is increased in Case 2, fuel cell performance for 
both SC-PEMFC and SIJ-PEMFC deteriorate. This is because as the GDL permeability is 
increased, pressure drop across NFD reduces. Lower pressure at cathode NFD causes fuel 
cell performance to drop, as depicted in Nernst’s equation 1.3. SC-PEMFC’s 
performance drop is more significant, as compared to SIJ-PEMFC. For Case 2, at current 
densities of 1 and 2 A/cm2, the SIJ-PEMFC outperforms the SC-PEMFC design, only 
marginally for the former by 1.4% (from 0.620 to 0.611V) and more significantly for the 
latter by 162% (from 0.136 to 0.356V). 
When the NFD permeability is increased to 1e-08m2 (Case 3), variation of GDL 
permeability has a negligible effect on fuel cell performance for SIJ-PEMFC. However, 
for the SC-PEMFC at a higher current density of 2 A/cm2, reducing GDL permeability 
results in enhanced fuel cell performance. The voltage increases from 0.205V to 0.246V 
if GDL permeability is reduced from 1e-09m2 to 1e-12m2. Nevertheless, the SIJ-PEMFC 
still has superior performance to that of a SC-PEMFC at NFD permeability of 1e-08m2. 
Figure 5.4 compares the global polarization curves between SC-PEMFC and SIJ-
PEMFC for Case 1, 2, 3 and 4. For completeness, corresponding experimental result from 
Noponen et al (2004) for Case 1 SC-PEMFC is also included for comparison. It is 
obvious that except Case 1, all other three cases show enhanced performance using SIJ-
PEMFC when i is larger than 1 A/cm2. This also implied that the impinging jet can 
augment the cell performance, especially near the straight channel limiting current 
density. 
For Case 1, no significant difference is obtained for the global current density, 
including over the range beyond experimental value from 1.3 to 2.0 A/cm2. This is 
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caused mainly by the low GDL permeability (1e-12 m2) which dampens the jet 
penetration effect and reduces the forced convection flow in the porous gas channel, 
leading to weaker diffusion in the GDL area under the impinging jet. Thus, the effect of 
























Experiment, Case 1 -SC-PEMFC, Noponen et al (2004)
Case 1 - SC-PEMFC,NFD=1e-10m2,GDL=1e-12m2
Case 1 - SIJ-PEMFC,NFD=1e-10m2,GDL=1e-12m2
 
























Case 2 - SC-PEMFC,NFD=1e-10m2,GDL=1e-09m2
Case 2 - SIJ-PEMFC,NFD=1e-10m2,GDL=1e-09m2
 
(b) Case 2 
 
From Figure 5(b), using the macro-porous GDL with permeability of 1e-09 m2 in 
Case 2, the SIJ-PEMFC could enhance the PEMFC performance, especially at high 
117 
current densities, by about 4% at 1.4 A/cm2 and reaching about 160% at 2 A/cm2. 
However, this combination of NFD and GDL permeability value is not desirable because 
























Case 3 - SC-PEMFC,NFD=1e-08m2,GDL=1e-09m2
Case 3 - SIJ-PEMFC,NFD=1e-08m2,GDL=1e-09m2
 
(c) Case 3 
Figure 5.4(c) shows that by increasing both NFD and GDL permeability in Case 3, 
the SIJ-PEMFC can still yield 84% performance enhancement over SC-PEMFC at 2.0 
A/cm2. Case 3 is considered as the ideal permeability combination between NFD and 
























Case 4 - SC-PEMFC,NFD=1e-08m2,GDL=1e-12m2
Case 4 - SIJ-PEMFC,NFD=1e-08m2,GDL=1e-12m2
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(d) Case 4 
Figure 5.4: Polarization curve comparison between SC-PEMFC and SIJ-PEMFC 
 
From Figure 5.4(d), although using higher value of NFD permeability gives 54% 
enhanced performance for SIJ-PEMFC at 2.0 A/cm2, it is still regarded as a poor choice 
as flow reversal from GDL to the porous gas channel can happen and counteract the O2 
distribution. A detailed explanation will be given in the later section. 
It is noteworthy to mention that the simulation result at the current density of 2A/cm2 
is physically justifiable. Experimental data from Gerteisen et al (2008) and Ferng et al 
(2007) has confirmed that using a perforated GDL and single serpentine channel can 
yield current density up to 1.8A/cm2 and 2.5A/cm2, respectively.  
Figure 5.5 and 5.6 compares O2 concentration and water content profiles, respectively, 



























Case 1 - NFD=1e-10m2,GDL=1e-12m2
Case 2 - NFD=1e-10m2,GDL=1e-09m2
Case 3 - NFD=1e-08m2,GDL=1e-09m2
Case 4 - NFD=1e-08m2,GDL=1e-12m2
Figure 5.5: Comparison of O2 profile for SIJ-PEMFC, at 2 A/cm2 
 
From Figure 5.5, it is found that Case 2 yields the highest O2 profile along the 
GDL/catalyst. However, this combination of NFD (1e-10m2) and GDL (1e-09m2) 
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permeability values does not produce the highest voltage but gives the lowest fuel cell 
performance. The reason being that: besides O2 content at the cathode, membrane water 
content constitutes another important factor to determine the fuel cell performance (c.f. 
Figure 5.6). In this circumstance, Case 2 gives the lowest water content value at the 
cathode catalyst/GDL. It can be seen from Figure 5.6 that Case 1 (NFD 1e-10m2 and 
GDL 1e-12m2) has the capability to maintain water content within the vicinity of the 
impingement region higher than the Case 2 (NFD 1e-10m2 and GDL 1e-09m2). This is 
because the O2 reactant bypasses the porous gas channel (c.f. Figure 5.9, will be 
explained later) in Case 2, and flows predominantly along the GDL layer. This 
constitutes the lower water content along the GDL layer, as the inlet carries zero 



























Case 1 - NFD=1e-10m2,GDL=1e-12m2
Case 2 - NFD=1e-10m2,GDL=1e-09m2
Case 3 - NFD=1e-08m2,GDL=1e-09m2
Case 4 - NFD=1e-08m2,GDL=1e-12m2
Figure 5.6: Comparison of water content profile for SIJ-PEMFC, at 2 A/cm2 
 
Figure 5.7 compares the local current density variation along the anode bipolar plate 
for the four different cases of SIJ-PEMFC. The voltage result is also included in the 
legend for clarity. 
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It is well understood that for the impinging jet case, the stagnation point has the 
highest mass transfer rate and hence O2 concentration is maximum at that impingement 
point (c.f. Figure 5.5). However, this is not replicated in the current density output, as 
Figure 5.7 shows the minimum current density otherwise. This implies that O2 
concentration profile cannot be used as the sole criterion to gauge fuel cell performance. 
Other factors such as water management (membrane water content profile (c.f. Figure 5.6) 



















Case 1 - NFD=1e-10m2,GDL=1e-12m2, 0.42V
Case 2 - NFD=1e-10m2,GDL=1e-09m2, 0.36V
Case 3 - NFD=1e-08m2,GDL=1e-09m2, 0.38V
Case 4 - NFD=1e-08m2,GDL=1e-12m2, 0.38V
Figure 5.7: Comparison of local current density profile for SIJ-PEMFC, at 2 A/cm2 
From Figure 5.7, it is also observed that the local minimum current density for Case 2 
and 3 with a macro-porous GDL of 1e-09m2 is larger compared to Case 1 with a normal 
GDL of 1e-12m2. This implies that the localized area affected by the jet penetration is 
larger for macro porous GDL, as the depression of local minimum helps broaden the 
bandwidth of current density spread, making the effective coverage area larger. Further, 
the macro-porous GDL also allows more water vapor to diffuse out of the catalyst layer, 
hence reducing the liquid saturation factor. Simulation results show that for the 
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impinging jet case, when the GDL permeability is increased from 1e-12 to 1e-09 m2, the 
liquid saturation factor is reduced from 13.3% to 11.4%. 
Table 5.2 summarizes the average water content, O2 concentration and resultant 
voltage for various combinations of GDL and net permeability values at 2 A/cm2. From 
Table 5.2, Case 1 (GDL 1e-12m2 and NFD 1e-10m2) gives the highest water content 
(10.54). Although the O2 content is the second highest (5.03 mol/m3) among all, it can 
still give the best fuel cell performance. Conversely, even though Case 2 (GDL 1e-09m2 
and net 1e-10m2) gives the highest oxygen content (5.43 mol/m3), the water content is the 
lowest (8.02) and hence the fuel cell performance is still the worst case among all. 
Table 5.2: Average water content, O2 concentration and resultant voltage for different 
combination of NFD and GDL permeability values, at 2A/cm2 
Case  1 2 3 4 
NFD permeability (m2) 1e-10 1e-10 1e-08 1e-08 
GDL permeability (m2) 1e-12 1e-09 1e-09 1e-12 
Average membrane water content 
along cathode GDL/catalyst 10.54 8.02 8.78 8.90 
Average O2 concentration along 
cathode GDL/catalyst (mol/m3) 5.03 5.43 4.81 4.69 
Voltage 0.421 0.357 0.379 0.379 
 
In general, impinging jet design coupled with the porous gas channel in PEMFC 
necessitates optimal combination between GDL and NFD permeability values for 
enhanced fuel cell performance. As a rule of thumb, the impinging jet design is suited for 
PEMFC only with a highly permeable GDL (e.g. 1e-09 m2). 
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5.2.1.1 Results for Net Flow Distributor permeability 1e-10m2 (Case 1 and 2) 
Figure 5.8 compares the velocity flow field in the cathode GDL between SC-PEMFC 
and SIJ-PEMFC for GDL permeability of 1e-12 m2 (Case 1). This figure shows that a 
low permeability GDL practically behaves like an “impermeable solid wall” to the jet 
flow, as the reactant in the cathode GDL beneath SIJ-PEMFC flows mainly along a 
stream-wise direction, and at a velocity lower than that in the SC-PEMFC. 
Figure 5.8: Comparison of flow field in cathode GDL between SC-PEMFC and SIJ-
PEMFC for Case 1, at i = 1.1A/cm2 
 
Figure 5.9 confirmed that a lower velocity value is obtained throughout the cathode 
GDL for the SIJ-PEMFC, as compared to the SC-PEMFC. Even at the centerline of the 
impinging jet (x = 4.5cm), the flow is restricted by the low GDL permeability (1e-12m2), 
causing a sharp drop in the local velocity. This nullifies the jet momentum and inhibits 
intimate contact between the reactant gas and the catalyst. The low GDL permeability 
value is the reason for the identical global current density between SC-PEMFC and SIJ-
PEMFC. No advantage is gained by using a more complex design for the PEMFC. 
Straight Channel 























Figure 5.9: Comparison of velocity profiles along cathode GDL centerline between SC-



















Figure 5.10: Comparison of local current density between SC-PEMFC and SIJ-PEMFC 
for Case 1, at i = 1.1A/cm2 
 
Although the global values for both SC-PEMFC and SIJ-PEMFC are almost identical 
(c.f. Figure 5.4(a)), a detailed investigation of the local current density maps shows a 
substantial variation for these two cases (c.f. Fig. 5.10). For the SC-PEMFC, the local 
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current density drops abruptly in the entrance region, but immediately increases to a local 
maximum at about 1cm downstream. Subsequently, the current density decreases 
monotonically along the stream-wise direction. This phenomenon has been explained in 
full in the previous chapter (section 4.4.5.2). This is mainly caused by high liquid water 
saturation. Low NFD permeability (1e-10 m2) tends to hinder the main flow as it enters 
the flow channel. This deflects the humidified air towards the catalyst layer and 
subsequently causing excess liquid water saturation factor near the channel entrance. As 
for the SIJ-PEMFC, the current density directly below the impinging jet is at a minimum, 
and then increases to a local maximum at the two sides of the impinging jet (as explained 
earlier in Figure 5.7). The side adjacent to the upstream anode flow has a higher value 
compared to the downstream anode flow. It can be deduced that the local minimum 
current density for SC-PEMFC is attributed to possible flooding effect at the entrance, 
while the local minimum current density for SIJ-PEMFC is caused by initial membrane 
dehumidification at the central channel. 
Figure 5.11 shows the flow distribution in the cathode GDL and porous gas channel 
beneath the impinging jet for Cases 1 and 2. 
In Case 2, the impinging jet can penetrate into the GDL layer. For this macro porous 
GDL of 1e-09m2, the flow actually bypasses the porous gas channel and gets through the 
GDL. This provides better contact with the catalyst layer, as the flow velocity is higher in 
the GDL. It also allows a higher O2 concentration profile to be attained (c.f. Figure 5.12). 
Figure 5.12 shows that in Case 1, the O2 mass fraction is immediately reduced when 
approaching the GDL layer under the impinging jet. However, in Case 2, the original 
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oxygen content from the impinging jet can be delivered to the catalyst site at the 
impingement point, with minimum concentration drop across the GDL layer. 
 
Figure 5.11: Comparison of flow field in cathode GDL and porous gas channel between 
Case 1 and Case 2 
 
 
Figure 5.12: Comparison of O2 mass fraction distribution between Case 1 and Case 2 
Case 1: 
GDL permeability 
= 1e-12 m2 
Case 2: 
GDL permeability 







Case 1: GDL permeability = 1e-12 m2 
Case 2: GDL permeability = 1e-09 m2 
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In Case 2, the macro-porous GDL with permeability of 1e-09 m2 is higher than the 
NFD permeability of 1e-10m2. Therefore, the flow at the GDL is higher than that at NFD 
(c.f. Figure 5.13). The reactant gas bypasses the NFD and flows along the GDL. This 
negates the original function of NFD as fluid delivery channel because it can neither 
carry nor direct the bulk of reactant fluid flow. Further, pressure drop is reduced when 
GDL permeability is increased to 1e-09m2, and according to Nernst equation, the 
performance is dropping. Therefore, the Case 2 permeability combination of NFD and 
GDL is undesirable. 
Figure 5.13: Pre-dominant flow at cathode/anode GDL in Case 2 
 
5.2.1.2 Results for net flow distributor permeability 1e-08m2 (Case 3 and 4) 
Previous Case 2 results show that the bulk fluid flow along the macro porous GDL 
has nullified the porous gas channel function. In order to make the NFD perform 
effectively as the flow distributor in PEMFC, its permeability is increased to 1e08 m2 
Cathode Gas Channel
Cathode Gas Diffusion Layer 
Anode Gas Channel
Anode Gas Diffusion Layer 
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(Jeng and Tzeng, 2005) when used together with a macro-porous GDL permeability of 
1e-09m2 (Case 3). 
Figure 5.14 shows the flow distribution in the cathode GDL beneath the impinging jet 
for Case 3 and Case 4. The fluid velocity in the GDL within the vicinity of the jet 
impingement zone is negligible when the permeability is 1e-12 m2, whereas the flow for 
GDL permeability of 1e-09 m2 shows significant penetration of the jet fluid at a velocity 
of about 0.3 m/s at the interface between gas channel and GDL.  
 
Figure 5.14: Comparison of flow field in cathode GDL between Case 3 and Case 4 
 
The flow reversal for GDL permeability 1e-12 m2 can be explained from the pressure 
contours and centerline profiles, depicted in Figures 5.15 and 5.16, respectively. 
Case 4: GDL permeability = 1e-12 m2 
Case 3: GDL permeability = 1e-09 m2 
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Figure 5.15: Comparison of pressure field in cathode GDL and gas channel for two 
values of GDL permeability, with NFD permeability of 1e-08 m2 
 
Figure 5.15 show that when the normal GDL permeability (Case 4) is used with 
impinging jet design, it results in higher stagnation pressure at the end of the porous GDL. 
This explains the flow reversal away from catalyst layer and it is detrimental to the fuel 
delivery process. Conversely, when macro-porous GDL permeability of 1e-09 m2 is used 
(Case 3), it displaces the high stagnation pressure towards the interface between GDL and 
gas channel. This will be favorable in distributing reactants towards the catalyst layer. 
Case 4: GDL permeability = 1e-12 m2 
Case 3: GDL permeability = 1e-09 m2 
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Figure 5.16: Comparison of pressure profile along jet impingement centerline in gas 
channel and GDL between Case 3 and Case 4 
Figure 5.16 shows that the pressure profile in the GDL increases nearly linearly from 
channel/GDL to GDL/catalyst for Case 4, whereas Case 3 exhibits local maximum 
pressure at channel/GDL and a subsequent pressure drop towards the catalyst layer. 
Figure 5.17 compares the oxygen concentration at the catalyst layer in the vicinity of 
the impingement zone. It is apparent that in the impinging jet design, a lower GDL 
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Figure 5.17: Comparison of O2 concentration along cathode GDL between Case 3 and 
Case 4 









0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4










































The effect of GDL and NFD permeability for SIJ-PEMFC design is summarized below: 
1. For GDL 1e-12m2 and NFD 1e-10m2 permeability values, while it yields the highest 
fuel cell performance within the impinging jet cases, it gives no improvement as 
compared to the straight channel case. Moreover, pressure drop for this case is the 
highest and thus consumes the largest pumping cost. 
2. For GDL 1e-09m2 and NFD 1e-10m2 permeability values, the flow bypasses the net 
flow distributor. Flow predominantly occurs along the GDL layer and hence negates 
the functionality of net flow distributor. It yields the largest O2 concentration, but also 
has lowest water content at the catalyst layer. Therefore, the fuel cell performance is 
considered one of the worst among impinging jet cases (albeit an improvement over 
the corresponding straight channel case, approximately 160%). 
3. For GDL 1e-12m2 and NFD 1e-08m2 permeability values, an unusual flow reversal 
away from catalyst layer within impingement region is observed. This makes GDL 
impermeable to the impinging jet penetration. It also reduces O2 concentration to the 
lowest value among impinging jet cases and is unfavorable to the reactant delivery 
system (though improvement over corresponding straight channel case is about 54%). 
4. For GDL 1e-09m2 and NFD 1e-08m2 permeability values, it allows the jet penetration 
towards the catalyst layer with a minimum pressure drop. Yet, it is able to maintain 
water content from the direct dehumidification effect by impinging jet. It is 
considered the optimum combination among the four cases and produces 84% 
improvement over the straight channel case. Therefore, this value would be used in 
the subsequent simulations to carry out the parametric studies for single and multiple 
impinging jets. 
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5.2.2 Effect of Cathode Stoichiometric Ratio 
Previous simulations were carried out at a fixed cathode stoichiometric ratio (c) of 
2.3. Using the GDL and NFD permeability values of 1e-09 m2 and 1e-08 m2 respectively, 
simulations for varying the c (and hence the mass flow rate/velocity at the inlet) from 























cathode stoichiometric ratio = 1.5
cathode stoichiometric ratio = 2.3
cathode stoichiometric ratio = 5.0
Figure 5.18: Comparison of impinging jet polarization curve between three different c  
 
Figure 5.18 shows the comparison of polarization curve for c of 1.5, 2.3 and 5. It can 
be seen that fuel cell performance is almost independent of c at current densities less 
than 1.3 A/cm2, although a slightly higher fuel cell performance can be obtained at a 
smaller c at this current density value (0.56V for both c = 1.5 and 2.3 as compared to 
0.55V for c = 5.0). However, the situation reverses at larger current densities (e.g. 
>1.7A/cm2), when the performance deteriorates sharply at higher c as the current density 
approaches 2 A/cm2. Fuel cell performance deteriorates if excess air is supplied as 
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membrane humidification (represented by the value of membrane water content) is 








1 1.5 2 2.5 3 3.5 4 4.5 5
















Figure 5.19: Average water content variation with c for single impinging jet at 1.5A/cm2 
 
Figure 5.20 shows the results of the operating voltage with c variation at three 
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Figure 5.20: Variation of SIJ-PEMFC voltage with c at three different current densities 
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From figure 5.20, it is seen that for the moderate current density of 1 and 1.5A/cm2, 
there is only a minor change in the fuel cell performance when c varies from 1.2 to 5.0. 
When c is smaller than 1.5, a small dropping in fuel cell performance is observed in both 
cases. However, at a high current density of 2.0 A/cm2, the fuel cell performance for 
impinging jet is highly sensitive to c; the value of c = 1.5 is found to be the optimum 
value for a 2 A/cm2 current density. This is an interesting result, as one would think that a 
higher c would result in better performance, and yet the current density at 2 A/cm2 
simulation result shows otherwise. This further confirms that a higher flow rate (and c) 
would indeed deteriorate fuel cell performance due to membrane dehumidification as 
explained earlier. 
Figure 5.21 shows the local current density along the anode bipolar plate and Figure 
5.22 describes O2 concentration along cathode catalyst/GDL using different c values in 















cathode stoich = 1.5
cathode stoich = 2.5
cathode stoich = 3.5
cathode stoich = 5.0
 
Figure 5.21: Comparison of local current density, Iave = 1 A/cm2, along anode bipolar 


























cathode stoich = 1.5
cathode stoich = 2.5
cathode stoich = 3.5
cathode stoich = 5.0
Figure 5.22: Comparison of local O2 concentration, Iave = 1 A/cm2, along cathode 
catalyst/GDL for single impinging jet with different c  
 
From Figure 5.21, it can be seen that for all the cases with different c values, the 
local current density is minimum at the stagnation point, and then rises to a maximum at 
certain distances from stagnation point. The minimum current density value is found to 
be the lowest with the largest value of c. Although Figure 5.22 shows that the largest c 
(and jet velocity) causes the reactant to penetrate deeper into the catalyst layer, resulting 
in highest O2 concentration at the stagnation point of catalyst layer, this does not warrant 
the largest current density performance. Instead, another parameter, the water content at 
the catalyst layer (as explained earlier in Figure 5.6), plays an equally important role in 
determining fuel cell performance. As shown in Figure 5.23, the water content is the 
lowest when the value of c is the largest. This is because as the velocity of the impinging 
jet increases (associated with the larger c), it also adversely results in its extra capacity 
to wash away the water content produced by the electrochemical reaction. This results in 


























cathode stoich = 1.5
cathode stoich = 2.5
cathode stoich = 3.5
cathode stoich = 5.0
Figure 5.23: Comparison of membrane water content, Iave = 1 A/cm2, along cathode 
catalyst/membrane for single impinging jet with different c 
 
Besides, Figure 5.21 shows that the local jet impingement effect on the current 
density is widened as c increases. At a c of 5.0, it causes the jet impingement effect to 
cover up to 1/3 of the channel length, whereas at a c of 1.5, it only affects 1/10 of the 
channel length. This implies that jet penetration effect is enhanced when c is increased. 
However, as explained earlier, although this enhanced jet penetration effect by increasing 
c has the benefit of efficient reactant delivery towards catalyst site, it also has 
disadvantage to removing water content and delaying membrane humidification. 
Therefore, a balance to maintain both reactant concentration and water content at the 
desirable level is necessary so that optimal fuel cell performance using the impinging jet 
design can be achieved. 
To maintain the same c when current density is varied, we could either use 
Option 1. Hold constant O2 mass fraction but vary flow rate; or 
Option 2. Hold constant flow rate but vary the O2 mass fraction 
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Previous simulations with different c values were carried out with option 1. Now, 
using option 2, we propose a new way to maintain the c values by reducing the jet 
velocity and increasing the reactant mass fraction correspondingly as current density 
increases. As mentioned above, the reduced jet momentum can help to minimize 
membrane dehumidification and yet provide sufficient reactant to the catalyst site. 
Further simulations were carried out to compare the polarization curve at three different 
values of c, specifically 1.5, 2.3 and 5.0.  












2          (5.1) 
For option 2, it is required to fix inletcathodem _

, and vary 
2O
y accordingly. The value for 
inletcathodem _

 is determined based on the previous case of c =  2.3, O2 mass fraction = 0.23 
and current density = 1.5 A/cm2, which is 1.119e-03 kg/s. Table 5.3 to 5.5  show the 
variation of O2 mass fraction at different current densities; at c = 1.5, 2.3 and 5.0, 
respectively. 
Table 5.3: O2 mass fraction at different current densities for fixed c = 1.5 
Current density, A/cm2 Cathode O2 mass fraction Cathode mass flow rate, kg/s 
0.3 0.0300 1.1193e-03  
0.5 0.0500 1.1193e-03  
1.0 0.1000 1.1193e-03  
1.3 0.1300 1.1193e-03  
1.5 0.1500 1.1193e-03  
1.7 0.1700 1.1193e-03  




Table 5.4: O2 mass fraction at different current densities for fixed c = 2.3 
Current density, A/cm2 Cathode O2 mass fraction Cathode mass flow rate, kg/s 
0.3 0.0460 1.1193e-03  
0.5 0.0767 1.1193e-03  
1.0 0.1533 1.1193e-03  
1.3 0.1993 1.1193e-03  
1.5 0.2300 1.1193e-03  
1.7 0.2607 1.1193e-03  
2.0 0.3067 1.1193e-03  
 
Table 5.5: O2 mass fraction at different current densities for fixed c = 5.0 
Current density, A/cm2 Cathode O2 mass fraction Cathode mass flow rate, kg/s 
0.3 0.1000 1.1193e-03  
0.5 0.1667 1.1193e-03  
1.0 0.3333 1.1193e-03  
1.3 0.4333 1.1193e-03  
1.5 0.5000 1.1193e-03  
1.7 0.5667 1.1193e-03  
2.0 0.6667 1.1193e-03  
 
Figure 5.24 (a) to (c) compare the impinging jet polarization curve obtained with the 






















Option 1 - Varying Cathode Mass Flow  Rate
Option 2 - Varying Cathode O2 Mass Fraction
 
























Option 1 - Varying Cathode Mass Flow  Rate
Option 2 - Varying Cathode O2 Mass Fraction
 























Option 1 - Varying Cathode Mass Flow  Rate
Option 2 - Varying Cathode O2 Mass Fraction
 
(c) c = 5.0 
Figure 5.24: Comparison of impinging jet polarization curve with two different options of 
obtaining c 
 
From Figures 5.24(a), it is found that when c is low (1.5), higher flow rate is more 
favorable to fuel cell performance. This also suggested that the reactant concentration 
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issue outweighs the membrane humidification problem at low values of c. In this case, 
the controlling factor is the gas resistance and therefore higher flow rate in the impinging 
jet is necessary in order to keep the catalyst in intimate contact with the reactant. 
However, in Figure 5.24(b) and (c), it is noted that as the c value is increasing to 2.3 and 
5.0 respectively, the higher flow rate can actually result in fuel cell performance 
degradation. This is because at higher values of c, the membrane water content issue 
becomes the dominant factor, and in this case, membrane dehumidification is highly 
susceptible to the large jet impingement velocity used with a higher value of c. From the 
above analysis, it can be summarized that fuel cell performance deteriorates sharply when 
mass flow rate is increased at high current densities, whereas at low current densities, the 
higher flow rate yields better performance. Therefore, in order to have the enhanced 
performance for jet impingement PEMFC, it is proposed that 
1. For low current densities, it is desirable to use higher flow rate (but with lower 
O2 concentration) for the same values of c. 
2. For high current densities, it is more advantageous to use higher O2 
concentration (but lower flow rate) for the same values of c. 
 
Figure 5.25 compares the impinging jet polarization curve for the three c values 























cathode stoich = 1.5
cathode stoich = 2.3
cathode stoich = 5.0
Figure 5.25: Comparison of impinging jet polarization curve with three different c 
values obtained by Option 2 - varying cathode O2 mass fraction 
 
Comparing Figure 5.25 with 5.18, it is obvious that at a high current density regime, 
using the high flow rate for SIJ-PEMFC has to be avoided. Instead, a lower flow rate with 
the enriched O2 content is desirable. Moreover, a lower flow rate operating condition 
with higher O2 concentration can result in cost savings as the pressure loss and pumping 
requirements will also be reduced accordingly. 
Figure 5.26(a) and (b) show the comparison of the local current density variation for 
c 2.3 using the two different options of deriving c, at 1 and 2 A/cm2, respectively. In 
Figure 5.26(a), at 1A/cm2, the jet impingement affects regime up to x/W   20 from 
stagnation point, whereas in Figure 5.26(b), at 2A/cm2, the local effect of jet 
impingement can extend up to x/W   60 from stagnation point. Within the vicinity of 
the local jet impingement impact, both cases with lower flow rate but higher O2 mass 
fraction (Option 1 for 1A/cm2 and Option 2 for 2A/cm2) can produce a larger current 
density. Therefore, for this jet impingement design in PEMFC, extra attention has to be 
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paid to the jet velocity to avoid the excess air momentum that could cause membrane 
dehumidification. Moreover, using the enriched O2 in jet impingement design can further 















Option 1 - Mass flow  rate = 0.75e-3kg/s, Fixed O2 mass fraction = 0.2300
Option 2 - Fixed Mass f low  rate = 1.12e-3kg/s, O2 mass fraction = 0.1533
 



















Option 1 - Mass f low  rate = 1.49e-3kg/s, Fixed O2 mass fraction = 0.2300
Option 2 - Fixed Mass f low  rate = 1.12e-3kg/s, O2 mass fraction = 0.3067
 
(b) iave = 2.0A/cm2 
Figure 5.26: Comparison of local current density distribution along anode bipolar plate 
for c = 2.3, with two different options of obtaining c 
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Figure 5.26 also shows that reducing the bandwidth of the local minimum current 
density distribution can intensify the local jet impingement mass transport process to the 
enhanced fuel cell performance. 
When comparing the polarization curve between the straight channel and single 
impinging jet by varying cathode O2 mass fraction for c  = 2.3, it was found that both 
configurations did not give much difference in terms of the global performance. This 
again implies that at high current densities, the transport phenomena is largely dominated 
by the reaction rate, and the performance will be greatly deteriorated for the straight 
channel when flow rate is increased by fixing the O2 mass fraction at a constant c of 2.3. 
 
5.2.3 Effect of Relative Humidity 
Figure 5.27 shows the effect of cathode inlet relative humidity on the impinging jet 
PEMFC performance. The voltage drops as RH is reduced. This shows that fully 
saturated air is required in order to achieve optimal fuel cell performance as the water 
vapor content in the air is crucial to keep the membrane humidification during the 
operation. 
Figure 5.28 shows the local current density distribution with different RH values. As 
the RH is reduced, fuel cell performance drops. This is followed by the widening on the 
bandwidth of the local current density distribution. This confirms that “reducing 
bandwidth” for the local current density distribution on impinging jet design is desirable 
for enhanced fuel cell performance. Therefore, any innovative transport mechanism that 
could device a way to “reduce the bandwidth” of the local current density distribution 
could yield the possibility to enhance the fuel cell performance. One suggestion would be 
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to get the baffle wall enclosing the jet impingement region and essentially mimic the 





































Figure 5.28: Local current density distribution with different cathode RH 
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5.2.4 Effect of Net Flow Distributor Thickness and Impinging Jet Width 
Simulations have also been carried out to investigate the effect of NFD thickness 
(0.1mm and 0.5mm) and impinging jet width (0.5mm, 5.0mm and 30mm) on the SIJ-
PEMFC performance. Figure 5.29(a) to (c) shows the geometrical comparison for the 







Figure 5.29: Schematic diagram for single impinging jet with three different inlet widths 
Figure 5.30 and 5.31 show the effect of NFD thickness and impinging jet width on 
the global polarization curves, respectively. In Figure 5.30, it is noted that the NFD 
thickness (0.5mm vs. 0.1mm) has a negligible effect on the global current density 
performance. This is because the variation of channel thickness does not contribute much 
to the overall change of water and oxygen content, and hence the performance remains 
unchanged. The result is somehow different from the analytical solution derived in the 
textbook by O”Hayre et al (pp. 163, 2006), as it shows that decreasing the channel size 
will increase the oxygen concentration and hence increase fuel cell performance. 
Nevertheless, this numerical solution here is more trustworthy, as less model assumptions 


















net f low  distributor thickness = 0.5mm
net f low  distributor thickness = 0.1mm
 
Figure 5.30: Comparison of single impinging jet polarization curves between two 

















inlet w idth = 0.5mm
inlet w idth = 5.0mm
inlet w idth = 30.0mm
 
Figure 5.31: Comparison of single impinging jet polarization curves with three different 
inlet widths 
From Figure 5.31, it shows that an impinging jet width of 0.5mm and 5.0mm do not 
yield significant differences, but the largest impinging jet width of 30mm has a much 
more superior fuel cell performance than the others, especially at higher current densities. 
Figure 5.32 shows the local current density along anode bipolar plate comparing the 
different values of NFD thickness and impinging jet width. It is noted that regardless of 
the geometry parameters of NFD thickness and impinging jet width, the location of local 
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maximum offset from the stagnation point is always fixed at a particular location. In this 
case, it is about 7.5mm away from the impinging point. Figure 5.32 also shows that at a 
larger impinging jet width, the catalyst utilization rate would be higher, and hence 















NFD thickness = 0.5mm, inlet w idth = 0.5mm
NFD thickness = 0.1mm, inlet w idth = 0.5mm
NFD thickness = 0.5mm, inlet w idth = 5.0mm
Figure 5.32: Comparison of local current density along anode bipolar plate for impinging 
jet with different net distributor thickness and inlet width, at 1 A/cm2 
 
Table 5.6 shows the voltage obtained for current density of 1 and 2 A/cm2 with three 
different impinging jet widths, as well as the SC-PEMFC. 
Table 5.6: Comparisons of the voltage obtained with straight channel and three different 






inlet width = 
0.5mm 
inlet width = 
5.0mm 
inlet width = 
30.0mm 
1 0.609 0.619 0.622 0.624 
2 0.205 0.379 0.373 0.398 
 
From Table 5.6, it is noted that at 2 A/cm2, an enhancement by about 5.0% is 
obtained when impinging jet width is increased from 0.5mm to 30mm. Moreover, all the 
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impinging jets design have superior performance than channel flow. This result shows 
that it is better to distribute the reactant in the transverse direction, coupled with a 
sufficient opening width of the impinging jet (1/3 of the channel length), rather than 
supplying the fuel along a stream-wise direction. This design modification from SC-
PEMFC to SIJ-PEMFC helps to achieve a more uniform catalyst utilization and hence 
better FC performance. 
 
5.2.5 Effect of Anode/Cathode Impinging Jet 
Simulations for having both the anode and cathode impinging jets (instead of the 
previous case of anode channel flow and cathode impinging jet case) have also been 
carried out. The global current density for both anode and cathode impinging jet case is 
similar to the cathode impinging jet case, but the local current density distribution shows 

















Figure 5.33: Comparison of local current density along anode bipolar plate for cathode 
and cathode/anode impinging jet, at 1 A/cm2 
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As can be seen from Figure 5.33, when both the cathode and anode impinging jets are 
opposing each other, it produces excessively high local current density at the stagnation 
point; about three times the average current density. This could bring about the adverse 
effect of uneven catalyst utilization rate, with the catalyst under the stagnation point over-
utilized for the long hour life time during the fuel cell operation. 
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5.3 2D Multiple Impinging Jet Configuration 
In the previous section, it is shown the SIJ-PEMFC can enhance the fuel cell 
performance with substantial increments at high current densities (e.g. 2 A/cm2). To 
further extend this enhancement effect, multiple impinging jet designs (hereafter referred 
as MIJ-PEMFC) have been proposed to increase the fuel cell performance even at 
intermediate current densities. In this section, the effect of jet multiplicity, stoichiometric 
ratio and alternating jet inlets with suction outlets have been investigated thoroughly. 
 
5.3.1Effect of Jet Multiplicity 
Simulation has been carried out for the 60 multiple impinging jets with the jet width 
still remaining as 0.5mm. Figure 5.34 shows the schematic diagram for the multiple 
impinging jets. 
 
Figure 5.34: Schematic diagram for MIJ-PEMFC 
 
Figure 5.35 made comparison of polarization curve between SC, SIJ and MIJ PEMFC. 
It shows that MIJ could enhance the fuel cell performance as much as 14% at 2 A/cm2, 
when comparing to the SIJ with inlet width 0.5mm. In addition, the MIJ can outperform 
the SC at current densities greater than 1 A/cm2, with about 3% and 110% increment at 





















Figure 5.35: Comparison of the polarization curves between SC, SIJ and MIJ PEMFC 
 
Figure 5.36 shows the O2 concentration profiles along the cathode GDL/catalyst 























single, inlet w idth = 0.5mm
single, inlet w idth = 5.0mm
single, inlet w idth = 30.0mm
60 multiple jets, inlet w idth = 0.5mm
Figure 5.36: Comparison of the O2 concentration along cathode GDL/catalyst for 
SIJ-PEMFC with different inlet width and MIJ-PEMFC, at 1A/cm2 
 
It can be seen that the MIJ-PEMFC produces the lowest but most uniform O2 
concentration profile as compared to other SIJ-PEMFC designs, and yet its performance 
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is equivalent to the single jet case (c.f. Figure 5.35), if not even higher at current density 
of 2 A/cm2. Both SIJ-PEMFC with inlet width of 30mm and 60 MIJ-PEMFC with inlet 
width of 0.5mm essentially give the same inlet velocity, as the inlet area of these two 
designs are similar. These two designs yield similar fuel cell performances, although a 
higher O2 concentration profile is achieved for the SIJ-PEMFC of 30mm width. In this 
context, since uniform reactant distribution is preferred more for its enhanced fuel cell 
performance, the multiple impinging jet design is considered as the better choice. 
In terms of the local current density distribution, MIJ-PEMFC could also help to 
maintain uniform current distributions. Figure 5.37 shows the evenness that can be 
achieved using the MIJ, when comparing to the SIJ and SC. Both SC and SIJ display 
substantial variation of the local current density along the channel length, varying from 


















Figure 5.37: Comparison of the local current density along anode bipolar plate 
between SC, SIJ and MIJ 
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In addition to the uniformity of reactant distribution and local current density, the 
multiple impinging jet design also has the benefit of lowering the temperature. The 
temperature increase for multiple impinging jet configurations at 2 A/cm2 is merely 6C, 
as compared to 12C for both straight channel and single impinging jet cases. This is 
attributed to the fact that fresh reactant injected from each jet carries a lower air 
temperature and hence has a higher capacity to dissipate heat generation from the catalyst. 
Moreover, the fresh reactant from each multiple jet can help to carry away the excessive 
water vapor and alleviate flooding. 
 
5.3.2Effect of Cathode Stoichiometric Ratio in Multiple Impinging jet 
In the previous SIJ-PEMFC, it is found that increasing the cathode stoichiometric 
ratio (c) could actually result in unfavorable fuel cell performance. Figure 5.18 shows 
the performance deteriorating sharply at higher c (e.g. 5.0) when current density is 
approaching 2 A/cm2. This performance degradation can also be caused by the flow and 
species non-uniformity for SIJ-PEMFC. In the current MIJ-PEMFC, flow and species 
uniformity can be achieved. Therefore, it would potentially enhance the fuel cell 
performance by further increasing c in the multiple jet design. Figure 5.38 compares the 
global polarization curve for the two c values of 2.3 and 5.0 for the multiple jet design. 
It shows that the MIJ-PEMFC gives a more robust performance when c is increased, as 





















Figure 5.38: Comparison of the polarization curve between multiple impinging jets 
with two different c of 2.3 and 5.0 
 
From the comparative studies between SC, SIJ and MIJ, it is found that multiple jets 
has the following advantages over the other two designs: 
1. Higher fuel cell performance, especially at higher current densities (e.g. > 
1A/cm2). 
2. Evenness in flow and species distribution. 
3. More uniform catalyst utilization. 
4. Lower fuel cell temperature. 
5. Alleviate flooding; as fresh reactant from each jet can remove excess water vapor. 
6. More robust performance when the cathode stoichiometric ratio is increased 
7. Effective delivery of reactants in the transverse direction towards the catalyst 
layer 
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However, implementation of multiple impinging jets design in the bipolar plate could 
also pose certain disadvantages as listed follows: 
1. Geometrical complexities, as it involves fabrication of plenum chamber within 
small footprint of bipolar plate (e.g. 5 cm x 5 cm) 
2. Added weight and volume of materials 
3. Proper drainage for fluid delivery system is required to exhaust the spent fluid. 
Therefore, extra attention has to be exercised in order to implement the multiple 
impinging jets and to justify the additional capital and operating costs involved so that the 
return could commensurate with the performance enhancement. 
 
5.3.3Effect of Alternating Jet Impingement Inlet and Suction Outlet 
Figure 5.39 shows another new idea for the multiple impinging jet design by 
alternating jet impingement inlets with suction outlets. 
 
Figure 5.39: Schematic diagram for alternating jet impingement inlets with suction 
outlets in the multiple impinging jets design 
 
This concept of alternating jet inlet with suction outlets in the multiple impinging jet 




the neighboring points of the inlet and fresh fluid medium is consistently delivered to the 
targeted area for the necessary heating/cooling. It is hoped that the same concept can also 
be applicable to mass and charge transfer in PEMFC. 
Figure 5.40 compares the polarization curve between the multiple impinging jet 
design with normal all inlets and alternating inlets with suction outlets. It shows that no 
improvement is obtained by alternating the impinging jet inlets with the suction outlets. 



















Alternating Inlets w ith Suction Outlets
 
Figure 5.40: Comparison of polarization curve between multiple impinging jet design 
with normal all inlets and alternating jet inlets with suction outlets 
 
5.4  2D Cross Flow Jet 
Figure 5.41 show the schematic diagram for another proposed design of the cross 
flow jet, which is essentially a combination of the straight and single impinging jet. 
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Figure 5.41: Schematic diagram for cross flow jet 
Numerical simulations were carried out for the cross flow jet with effective cathode 
stoichiometric ratio (sum of mass flow rate from channel flow and impinging jet) of 2.3 
and 4.6, respectively, at 1 A/cm2. The comparison results of the liquid water saturation 
along the cathode catalyst/ GDL between straight channel, single impinging jet and cross 



























s striaght channel, stoich = 2.3single impinging jet, stoich = 2.3
cross f low , stoich = 2.3
cross f low , stoich = 4.6
cross f low , stoich = 9.2
Figure 5.42: Comparison of liquid saturation along cathode catalyst/GDL for straight 
channel, single impinging jet and cross flow, at 1A/cm2 
 
It is shown that when cross flow jet with an effective c of 2.3 is used, it results in an 
excessively high liquid water saturation at the cross flow point (mid-point in which the 
channel flow meets the impinging jet). The value of liquid saturation factor is about 45%. 
This extremely high liquid water saturation results in serious flooding and causes the fuel 
Cross flow jet, with both channel and impinging jet inlet width = 0.5mm
Channel flow Impinging jet 
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cell to cease operation. However, when the effectivec is increased to 4.6 and 9.2, it 
results in overall dropping of liquid water saturation and therefore better fuel cell 
performance. Compared to the straight channel and single impinging jet flow, it is found 
that the cross flow jet gives maximum liquid saturation at the cross flow point. 
Conversely, minimum liquid saturation factor is achieved at the stagnation point for the 
single impinging jet. For the straight channel flow, maximum liquid saturation is found at 
the downstream location. These three different liquid water saturation distributions shows 
the importance of using the appropriate flow configuration to maintain the species, water 
content and liquid saturation at the right level for optimum fuel cell performance. In this 
context, the impinging jet is still found to be a better flow configuration for enhanced 
performance, as compared to the channel and cross flow jet. 
 
5.5 Closing Remarks 
In this chapter, a new flow structure which delivers the reactants transversely to the 
MEA through the porous net flow distributor with single and multiple impinging jet 
configurations at cathode side was proposed and modeled.  
Firstly, comparative studies between straight channel and single impinging jet with 
different permeability values of net flow distributor (1e-10 m2 and 1e-08 m2) and GDL 
(1e-12 m2 and 1e-09 m2) was performed. For enhanced performance with a single 
impinging jet, a macro-porous GDL with permeability of 1e-09 m2 combined with lower 
net flow distributor permeability of 1e-08m2 is required, as it allows the jet to penetrate 
the GDL towards catalyst layer with the minimum pressure drop and yet is able to 
maintain water content from direct dehumidification by the jet. Compared to the channel 
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flow, a single impinging jet can improve fuel cell performance up to 80% at high current 
densities.  
Secondly, the simulation for the effect of cathode stoichiometric ratio (c) revealed 
that a higher flow rate actually results in fuel cell deterioration, as the membrane 
humidification is hindered by a high jet velocity, although it can result in larger reactant 
concentration at the catalyst layer. Another effective way to use a higher c (e.g. 5.0) is to 
decrease the mass flow rate, but increasing the species mass fraction. Fully saturated air 
is required for optimal fuel cell performance, due to its evenness in membrane 
humidification. 
Thirdly, the multiple impinging jet design is further suggested as an effective way to 
achieve flow and species uniformity which results in a more uniform catalyst utilization. 
Besides, robust performance can be obtained at higher mass rate. It can also lower the 
fuel cell temperature and alleviate flooding as fresh reactants from each jet can remove 
excess water vapor. Compared to a single impinging jet, a multiple jet gives up to 14% 
predicted enhancement at a high current density af about 2 A/cm2.  
Finally, although the concepts of alternating impinging jet inlets with suction outlets 
and cross flow jet have been explored, multiple impinging jets is still found to have a 
better flow configuration for enhanced performance in PEMFC. 
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Chapter Six: Enhanced Performance for Self Air Breathing  
    PEM Fuel Cells 
6.1 Overview 
According to Dyer (2002), fuel cells for portable applications are commercially viable. 
Self air-breathing PEM fuel cells (ABFC) have been seriously considered as the ideal 
choice for replacing batteries in portable electronic devices due to the competitive cost, 
instant recharge and high energy density. Besides, the air breathing cathode has these 
advantages: no need for manifolding, no moving parts (external humidification 
instruments, fans and pumps) and availability of open surface to facilitate the heat 
transfer from the fuel cell which is critical for fuel cell performance. 
In general, two types of free breathing fuel cells are used in the current of R & D: 
1. The “open tube” or “channel” fuel cells. These have cathode flow field plates with 
straight parallel channels with both ends opened to ambient air. This type of design 
has the reported maximum power density of approximately 70 mW/cm2 (Li et al, 
2003). 
2. The “planar” air breathing cell, with a large open area supported by a thin, stiff 
current collector plate, in order to facilitate oxygen diffusion and advection of 
ambient air to the GDL surface. Power density as high as 360 mW/cm2 has been 
documented for this type of planar air breathing fuel cells (Hottinen et al, 
2004a,b,2007 and Himanen et al, 2007) 
Both types of fuel cell designs have the common problem of mass transport limitation 
at the cathode, as the cells tend to dry out at high temperature and low humidity, and 
encounter flooding at low temperature and high humidity, especially during high current 
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densities. Figure 6.1 shows a schematic diagram for commonly used designs of air 





(a) Channel design     (b) Planar Design 
Figure 6.1: Two commonly used design for self air breathing fuel cell 
The planar design incorporates certain important features as follows (Lister and 
Djilali, 2007): 
 It does away with the air distribution channels and fans, as the cathode GDL are 
in direct contact with ambient air 
 Elimination of the external humidification system, as the membrane 
humidification can be relied on the ambient relative humidity and water 
production at the cathode catalyst layer 
 Cooling system is provided by the naturally circulated ambient air 
 Hydrogen conditioning components are avoided as anode is fed with dry 
hydrogen at ambient temperature and pressure 
 However, it cannot be stacked up with more than two cells, as this arrangement 
conceals the cathode open area 
6.2 Physical and Mathematical Aspects in ABFC 
6.2.1 Working Principle 
When a FC is operating, heat is generated due to the enthalpy change of reaction, 




same time, oxygen is consumed and water vapor (or liquid) is produced at the catalyst 
layer. Therefore, the gas mixture density would be altered, according to the ideal gas law. 
The heated fluid becomes less dense and flows upwards, while packets of cooled fluid 
become denser and sink because of the buoyancy force. Hence, the air in the ambient is 
induced into the cathode channel like a breath and the cathode reactant is replenished. 
The convection caused by both temperature and concentration gradient is called thermal 
free convection and solutal free convection, respectively. 
6.2.2 Operational Problems 
As reported in the literature, forced convection could dramatically affect the ABFC 
behavior (O’Hayre et al, 2007). Basically the challenges in the ABFC arise in several 
aspects: 
1. Gas Management Problem 
In the ABFC, the cathode air velocity is mainly driven by temperature and 
concentration gradient arising from the electrochemical reaction. If ABFC is poorly 
designed, insufficient air flow rate in the cathode channel could prevail due to weak 
thermal and/or solutal free convection. Moreover, at high ambient relative humidity, the 
liquid water exists in the cathode channel and GDL can block the gas way for oxygen 
transport, and suffocate the oxygen replenishment in the catalyst layer. Thus the 
performance of ABFC is greatly diminished due to mass transport resistances, and the 
depreciation is more severe than that of the forced convection PEMFC. 
2. Thermal Management Problem 
ABFC is very vulnerable to both membrane dry out (high temperature) and flooding 
(low temperature), as these two undesirable effects can seriously affect the membrane 
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conductivity and cell performance. Therefore, it is important to regulate the operating 
temperature in ABFC to ensure the performance reliability. In addition, effective heat 
transfer in the air channel can improve the performance of ABFC by causing uniform gas 
distribution, sustaining a good heat transfer rate between solid and fluid, resulting in the 
higher thermal and viscous entrance length in the cathode channel. 
3. Water Management Problem 
When ABFC is working at low ambient humidity, the only water source comes from 
the water product in cathode reaction. Therefore, without the anode external 
humidification, the membrane is easily dehydrated at the anode side and causes an 
increase in proton transfer resistance. Conversely, when it is working at high ambient 
humidity, water vapor would be easily condensed into liquid and blocks the gas way, 
resulting in serious oxygen transfer limitation. Removing the water products from the 
electrode is a challenging issue to achieve better ABFC performance. 
4. Power Management Problem 
Although passive mode ABFC has the benefit of saving the power consumed by 
auxiliary devices, its power density is inferior to the active mode forced convection fuel 
cell due to poor mass transport mechanisms. Cell stack up is required to deliver the 
necessary power output. 
6.2.3 Transport Phenomena 
Simultaneous transport of momentum, energy and chemical species determines the 
natural convection above the open fuel cell cathode surfaces. Heat production within the 
fuel cells generates the temperature gradient, while oxygen consumption and water 
production gives rise to the concentration gradient of molecule oxygen and water vapor. 
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The air density (hence rate of natural convection) above the cathode surfaces is primarily 
determined by those three gradients. 
To resolve this problem, Boussinensq approximation can be used to find the fraction 
of natural convection cathode mass transfer which is driven by thermal gradient, water 
vapor concentration gradient and oxygen concentration gradient, respectively. For small 
density variations, it allows the relative contributions of T , 
2O
c and OHc 2  to  /  
to be isolated from one another. This can be expressed as follow (O’Hayre et al, 2007): 
     ambientOHcatalystOHOHambientOcatalystOOambientcatalystT ccccTT ,,,, 222222   (6.1) 
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        (6.4) 
It is worthwhile to note that the characteristics thickness for the natural convective 
boundary layer above the cathode catalyst layer (~3.6mm) is much larger than typical 
GDL dimension (~0.3mm), thus penetrating into the cathode gas channel regime 
(O’Hayre et al, 2007). Moreover, if the combined thickness of GDL and gas channel is 
smaller than the boundary layer thickness, it would cause the flow profile generated by 
the ABFC to be totally immersed in the boundary layer regimes, making it susceptible to 
even minor disturbance from external airflow. 
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6.2.4 Modeling Challenges 
Modeling of ABFC is challenging, as the process involves coupling many physical 
phenomena such as multi-component, multi-dimensional flow, heat and mass transfer 
with electrochemical reactions, multi phases of water/liquid transport, natural convection 
at cathode, conjugate heat transfer between fluid and solid, and transport in porous 
medium. Besides, the geometrical dimensions of the various components in fuel cells are 
truly multi-scale, varying from m (membrane and catalyst layer), to mm (gas diffusion 
layer) and to cm (gas channel and current collector). This makes the computational 
domain more complex to handle. However, modeling and simulation tools have slowly 
but surely captured more attention for fuel cell designers. A better understanding of the 
modeling results of transport processes will provide efficient water management, 
alleviate mass transport limitation and improve fuel cell performance. Certain 
challenging issues faced by the researcher in modeling ABFC are listed as follows 
(O’Hayre et al, 2007): 
1. Passive air-breathing operation frequently entails low-humidity conditions and lower 
current densities due to increased electrolyte resistance. Therefore, Ohmic losses in 
the electrolyte would have greater relative importance than mass transfer limitations. 
Consequently, the model derivation could focus on the Ohmic losses in the electrolyte 
rather than mass transport in the cathode. This assumption, to a certain extent, is not 
generalized across the whole spectrum of operating conditions. 
2. There is strong coupling effect between self heating and water balancing in ABFC. 
Therefore, these two transport phenomena have to be considered concurrently in the 
modeling works. Decoupling the heat and mass transfer phenomena in ABFC are 
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challenging, due to the exponential relationship between water vapor saturation 
pressure and temperature. 
3. Flooding (water accumulation) is extremely critical to the performance and needs to 
be considered for ABFC modeling. It is important to incorporate the membrane water 
transport and liquid water saturation equations into the mathematical model. 
4. For 1D mathematical modeling, it is impossible to calculate the localized velocity 
components, Only an approximation to characterize the Nusselt (Nu)/Sherwood(Sh) 
numbers can be made as the heat and mass transfer coefficients determination is 
simply calculated from the air properties and characteristic dimensions. Although a 
1D mathematical modeling reduces the full governing equations (mass, momentum, 
energy, species concentration and charge) to the simplified temperature and 
concentration profile equations, it misses out the essence of the velocity calculations 
which are critical to the fuel cell transport phenomena. Moreover, it also tends over-
predict the Nu and Sh numbers due to over-prediction of temperature and water vapor 
concentration in the inner catalyst layers. For instance, Litster & Djilali (2006) 
assume Nu = Sh using analogy, and take Nu = 10 for self air-breathing which in on 
the high side. Ryan O’Hayre et al (2007) performed similar methodology of 
mathematical modeling on self air-breathing. But even by analogy, Nu is not made 
equal to Sh. Their calculation resulted in Nu ~ 20, and Sh ~ 10, and it was reported 
that this finding indicates the relative dominance of convective (rather than diffusive) 
heat and mass transport above the catalyst surface. Hence, the results from the 
mathematical modeling cannot be considered as natural convection ABFC, but rather 
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forced convection. Appropriate use of the Nu and Sh numbers is required to produce 
the correct results for the 1D ABFC mathematical modeling. 
5. Review of prior work on the computational modeling of ABFC shows that none of 
the research groups used the FLUENT software, as it is impossible to impose the 
necessary self-corrected pressure outlet boundary condition to simulate the ABFC 
process in the cathode PEM Fuel Cell. This difficulty is attributed to the limitation of 
the FLUENT PEMFC Add-On Module methodology which assumes ideal gas law for 
the density treatment and makes the flow a compressible solution. This constraint 
simply denies the simulation for the natural convection process at the cathode, as it 
needs the well-defined mass flow inlet and pressure outlet for the boundary condition 
implementation in the compressible flow solver. Although COMSOL is used for the 
computational modeling of ABFC, it is only restricted to either 2D (Schmitz et al 
(2004)) or, a small 3D representative unit (Hwang and Chao (2007)). This is 
attributed to the inherent limited COMSOL computing resources available to solve 
the full scale 3D electrochemical and fluid dynamic simulation fuel cell. 
6.3 Motivation and Objectives 
The current state of the art on ABFC experiment can only carry out a shadowgraphy 
imaging system to visualize the unsteady thermal plume above cathode surfaces (Fabian 
et al, 2006). It is almost impossible to measure the temperature or water vapor/oxygen 
concentration at the porous GDL. Thus, it is useful to develop a reliable computational 
model in order to show the distribution of velocity, species concentration, temperature, 
current density, over-potential and limiting current density. These are critical in 
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elucidating the fuel cell transport phenomena, encompassing fluid dynamics, heat/mass 
transfer and electrochemical reaction. 
From the literature reviews about the transport phenomena in ABFC (O”Hayre, 2007), 
it is found that basic concepts of decreasing species concentration boundary layer 
thickness within the porous GDL, (which means higher concentration gradient for both 
oxygen and water vapor) can be beneficial to the ABFC performance in two aspects: 
1. To improve the mass transport to the targeted catalyst layer  
2. To strengthen the ABFC reliability, as the flow profile at the cathode gas channel 
is away from boundary layer regime. 
Nonetheless, these basic ideas for enhanced performance in ABFC can only be 
verified thorough reliable computer simulation. Therefore, the current CFCD tool that 
uses the self-developed computer algorithm for heat source term coupled with FLUENT 
6.3 PEMFC Add-On Module is utilized to accomplish the task. The modeling result is 
firstly validated with the corresponding experimental data from Wang et al (2005). 
Subsequently, the following factors are investigated through computer simulations: 
1. External ambient temperature 
2. Effect of channel height and width in channel ABFC 
3. Device orientation (backward, upward and inclined angle) 
4. Channel and planar perforated ABFC  
5. Bipolar plate thickness in planar perforated ABFC. 
6. Comparison between full planar perforated and segmented planar perforated 
Finally, an optimum design, in terms of the optimal shape and opening size for the 
enhanced performance for ABFC is derived. 
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6.4 Model Validation 
Hottinen et al. (2004), Wang et al (2005), Schmitz et al (2006), and Singapore A-
STAR researchers in Temasek Poly [TP] (2008) have carried out experimental studies for 
the ABFC. Table 6.1 summarizes the operating characteristics of their experimental work. 
Table 6.1: Operating Characteristics of Prior ABFC Experimental Work 




et al (2004) 
6 cm2 horizontal –
GORE® MEA, 100% open 
cathode, single cell 
open Finland ambient 
condition 
27-30C 
Y. Wang et 
al (2005) 
34 cm2 vertical, 4.9 cm 
channel length, single cell 
Stoich=1 26C,63% RH 38C at 250 mA 
cm-2 
A. Schmitz, 
et al (2006) 
10 cm2 horizontal –GORE® 
MEA 80% open, single Cell
open German ambient 
condition 




TP MEA, 10 cm2, 40% 
open area, 2 series MEAs 
open 22C, 60% RH 
air-con 
48-26C at 200 
mA cm-2 
 
It is noteworthy to mention that out of the four experimental works carried out, only 
the setup by Wang et al (2005) follows the cathode channel design, while the other three 
ABFC experimental works utilized the cathode planar design. This is shown in Figure 6.2, 
which depicts the schematic diagram of the experimental setup. 
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Schmitz et al (2006)
Hottinen et al (2004)
Wang et al (2005)
 
Figure 6.3: Polarization Curves of Prior Experimental Work on ABFC (from TP, 2008) 
Figure 6.3 shows the polarization curves obtained from the ABFC experimental work. 
The results further confirmed the earlier literature data from Fabian et al (2006), which 
Temasek Poly (2008) 
Schmitz et al (2006) 
Wang et al (2005) 
Hottinen et al (2004) 
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stated that mass transport limitation for air breathing fuel cell could reach as low as 
0.4A/cm2, unlike the forced air convection fuel cell which could extend beyond 2 A/cm2 
(see Chapter 5). 
Figures 6.4 and 6.5 show the geometric description for the both the experimental 
setup from Wang et al (2005) and the 3D simulation model developed in this work. The 
computational model uses the periodic boundary condition to simulate one channel 
configuration. This is because the prior result from Wang et al (2005) shows that 
hydrogen supply to the serpentine channel produces uniform flow and species 
distribution at the anode side, and therefore yields almost negligible variation of O2 and 
water content between each cathode channel. In this case, the repetitive segmented 
cathode flow channel can be simulated and represented on the global scale. 
Figure 6.4: Geometric description of experimental setup from Wang et al (2005) 
3mm x 3mm 
5cm 
Simulation Domain 
Periodic B.C. Periodic B.C. 
171 
Figure 6.5: Geometric description of 3D validation model 
The model is first validated by benchmarking the simulation results with 
experimental data from Wang et al (2005). Table 6.2 shows the operating conditions used 
for this model validation study. 
Table 6.2: Operating Condition for ABFC Model Validation 
Anode Inlet   
Anode mass flow rate (H2), (kg/s)  = 3.35 
Mass fraction of H2, yH2 0.31 
Mass fraction of H2O, yH2O 0.69 (100% RH) 
Temperature, C 33 
Operating Pressure, Atm 1 
Cathode Inlet  
Cathode ambient Pressure outlet (ABFC) 
Mass fraction of O2, yO2 0.23 
Mass fraction of H2O, yH2O 0.03 (100% RH) 
Temperature, C 33 
Operating Pressure, Atm 1 
 
As shown in Figure 6.6, reasonable agreement (about 10% uncertainty) has been 
obtained when comparing the simulation data to the experimental work. The difference 
gets larger at higher current density. This is because the O2 consumption is higher at the 
onset of mass transport limitation and hence necessitates a larger reservoir size to supply 
GDL = 0.28mm 
Catalyst = 10m 
Membrane = 50m 
MEA & current collector dimension Computational Domain 
3D segmented channel 
Ambient 
Ambient 
Fuel Cell Geometry 
5 cm 
3 mm x 3mm 
Current collector land width = 0.5mm 
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O2. However, this larger size is not achievable in the current simulation model as it 



















Experimental, Wang et al (2005)
 
Figure 6.6: Comparison of global polarization curve between simulation results with 
experimental data 
 
One important consideration in model validation is the thermal issue, as highlighted 
by the experimental counterpart in Temasek Poly (2008). A temperature difference as 
high as 18C can be obtained at the GDL when the two stack cells of ABFC are operating 
at ambient temperature. In the current simulation, the temperature difference of 10C is 
achieved for a single cell. Figures 6.7(a) and 6.7(b) show the temperature difference 
obtained from the ABFC operation in the experimental work using slot planar and 
modeling results for the channel cathode, respectively. Although the model did not 
reproduce the experimental setup correctly (there are unknown parameters associated 
with it, such as hydrogen flow rate etc), it shows that the simulation model is able to 
capture the necessary heat generation phenomena in ABFC, thus negating isothermal 








Figure 6.7(a): Temperature distribution for ABFC slot planar experimental data 
 









i =  0.17 A/cm2 
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As can be seen, the current simulation compares reasonably well with the measured 
global current density, as well as the local temperature value obtained in the experiments. 
Next, this modeling tool is used to characterize various important factors affecting ABFC 
performance such as channel geometric design and device orientation, as well as 
investigating the fuel cell durability and stability. Finally, the enhanced performance 
criteria for ABFC are established based on this computational analysis. 
6.5 Simulation Methodology 
1. For numerical stability, the unsteady simulation is carried out until the solution 
reaches pseudo steady state. Time step size = 0.1s and typical duration to reach steady 
state is about 20 – 100s. This time-dependent simulation also matches realistic 
physical phenomena as it is experimentally observed that ABFC will never reach 
steady state. From the experimental data by TP, its performance will decrease after 15 
minutes, as shown in Figure 6.8. 
Figure 6.8: Experimental data from TP of current variation with time, with Operating 
Condition: H2-Dead end: tank P=0.2 bar, Air Breathing; T=24 0C, RH=60%, 
MEA=GORETM, Area=11 cm2 
 
2. Periodic boundary condition is applied, as the cathode channel is repeated 

















3. External ambient reservoir at the cathode is included in order to simulate the self air 
breathing process. 
6.6 2D CFCD Simulation 
A two-dimensional time-dependent CFCD analysis was carried out for the channel 
ABFC, with conditioned air (60C and 100%RH) in the surrounding environment at the 
cathode and operating at ambient pressure (1 Atm). 
6.6.1 Geometry and Computational Model 
Figure 6.9 describes the three different cases of geometry parameters variation (length 
and width of cathode channel) and Figure 6.10 shows grid resolution for the 2D 
simulation model. Flow along x-z direction is referred to stream-wise and transverse 
direction, respectively. The number of computational grids used is about 70,000 cells. 
Table 6.3 summarizes the various dimensions used for the parametric study. 
Figure 6.9: Geometry description of 2D simulation model 













x, stream-wise direction 
z, transverse direction 
g 
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Figure 6.10: Grid resolution of 2D simulation model 
Table 6.3: Cathode gas channel dimension used in 2D simulation model 
Case Cathode Gas channel dimension
1 5cm x 3.0mm 
2 5cm x 0.5mm 
3 1cm x 0.5mm 
 
6.6.2 Results and Discussion 
6.6.2.1 Global and Local Results 
This section presents the global current density and local results of flow, species (O2, 
H2, H2O) concentration and temperature distribution for Case 1 configuration (5cm length 
x 3mm height), which is also the geometry used in the experimental setup from Wang et 
al (2005). Figure 6.11 shows the 2D simulation result of the global polarization curve and 
power density result. These results show that maximum power density (Pmax) of 94 
mW/cm2 is obtained at i = 0.24 A/cm2. This is consistent with the experimental findings 








from Wang et al (2005), which produced Pmax of 74 mW/cm2 at current density 0.2 A/cm2. 
The simulation model used an operating temperature of 60C, while experimental data 
from Wang et al (2005) used an ambient temperature of 33C (refer to the validation 
model). Therefore, a higher result is obtained from the modeling data. Nevertheless, 












































Figure 6.11: Polarization curve and power density of the 2D simulation result 
In terms of the velocity profile across the gas channel, Figure 6.12 shows that this 2D 
ABFC simulation predicts an average flow velocity of about 32 cm/s within the cathode 
gas channel. This is much higher than the experimental measurement from Fabian et al 
(2006) as their measurement for average free convection air speed was 11.2 cm/s in 
vertical cell orientations. This can be explained by the nature of 2D simulation here 
which excludes the span-wise wall shear effect, whereas the actual experimental setup is 
3D and is thus subjected to higher wall shear stress. 
The flow direction in cathode channel ABFC is predominantly unidirectional. It 
enters from the bottom channel and exits through the top channel, flowing against the g 
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direction. This prediction also makes amendments to the widespread incorrect 
assumption that the flow in the vertical ABFC is supposedly flowing into the cathode gas 
channel through both the top and bottom openings. Indeed, it will be shown later that this 
flow phenomenon strongly depends on the geometric factors. Figure 6.12 also reveals 
that a parabolic velocity profile is established in the downstream fully developed flow 
region. In this scenario, very fine grid (at least 20 cells along transverse direction in the 
cathode gas channel) is necessary in order to capture this detailed velocity profile. 
Figure 6.12: Velocity profile across cathode gas channel at i = 0.24 A/cm2 
The centerline velocity along the stream-wise direction of cathode gas channel in 
Figure 6.13 shows that the entrance flow developing region in the cathode gas channel is 
about 1 cm from the bottom opening. Further downstream, the centerline velocity 
achieves a constant profile of about 0.46 m/s. For mass transport enhancement, it is 
*Experimental 
measurement from Fabian 
et al (2006) is 11.2 cm/s 
Flow enter cathode channel 




Zoom in view 
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important to reduce this flow entrance region; as opposed to the heat transfer 
improvement to extend the flow developing region. This is because this flow entrance 
phenomena has a lower mass transport coefficient (by virtue of its smaller velocity), and 
it is therefore unfavorable to reactant transport and fuel cell performance. As shown later, 
this entrance region would result in a larger O2 concentration loss. 
Besides, it is also noted that the flow velocity at the cathode gas channel is gaining its 
strength along flow direction. This is due to water transport across the membrane from 
anode to cathode, attributed to the electro-osmotic drag (EOD) and the adding of extra 
water vapor mass to the cathode gas channel. As the mass flow rate in the cathode gas 
channel is increased due to water migration from the anode side, so is the flow velocity. 
In return, the flow velocity along anode gas channel is reduced along the stream-wise 










































Figure 6.14: Centerline velocity along anode gas channel 
 
Figures 6.15 (a) and (b) show the O2 concentration distribution and profile at the 
cathode gas channel, GDL and catalyst layer. As can be seen, the O2 concentration is 
decreasing exponentially near to the entrance regime (about 1 cm from bottom opening), 
compared to linear drop at downstream region. This high O2 depreciation region also 
corresponds to the flow entrance regime (c.f. Figure 6.13), and is mainly associated with 

































Figure 6.15(b): Computed O2 concentration profiles along cathode GDL 
The H2 concentration distribution and profile in the anode gas channel, GDL and 
catalyst layer in Figure 6.16 show that H2 concentration actually increases along flow 







corresponding increase in the H2 mole fraction. A similar finding has also been reported 
by Schwarz and Djilali (2007). 
Figure 6.16: H2 concentration distribution and profile at anode channel, GDL and catalyst 
 
In this simulation, it is found that 1.2e-05 kg/s of water vapor is transported from the 
anode to the cathode by EOD, while opposing back diffusion transports only a negligible 
amount of 1.5e-17 kg/s of water vapor from the cathode to the anode. Therefore, the 
resultant movement of water vapor across the membrane is mainly due to EOD. The 
relative humidity distribution in the cathode and anode gas channels in Figure 6.17 
further explains the superiority of EOD source over back-diffusion in terms of water 
transport across the membrane. Both anode inlet (H2 + H2O) and cathode channel inflow 
(O2 + H2O + N2) have a RH of 100%. However, at the anode outlet, RH is reduced to 
54%, while at the cathode channel outflow, RH is increased and air becomes fully-
saturated. This implies that water vapor concentration is reduced along the anode channel, 
g 
H2 concentration kmol/m3 
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H2 downstream 
H2 flow direction 





























but increased along the cathode channel. This phenomenon is attributed to the net effect 
of EOD (when protons are transferred across membrane, ) over back-diffusion (water is 
back diffused from cathode to anode due to water content gradient, diffwJ ) which 
effectively migrates water vapor from the anode to the cathode. This can potentially 
cause anode membrane dehydration. 
 
Figure 6.17: RH distribution in cathode and anode gas channel 
 
Table 6.4 shows mass balance for both the anode and cathode gas channels, including 
the various source terms such as EOD (  OHM 2 ), back-diffusion ( OHdiffw MJ 2 ) and 
phase change (rw) which internally transfers or produces or consumes mass flow rate 
within the ABFC model. From Table 6.14, it can be seen that the total mass flow rate is 
conserved for both the anode and cathode channels, within 5% of uncertainty. For the 
anode channel, the outlet flow rate is reduced by about 48% compared to that at the inlet, 
g 
RH at cathode RH at anode 
H2 flow direction 
O2 flow direction 
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as this reduction is transferred by EOD to the cathode channel. For cathode channel, the 
outflow is 1% higher flow rate compared to inflow. This amount is offset by the net 
effect of mass increase due to EOD water transferred from the anode and the mass 
reduction due to liquid water condensation. The back-diffusion contribution to the overall 
mass balance is negligible, as the simulation result shows that the membrane water 
content diffusivity ( lD  = 2.3e-8 1/s) is insignificant as compared to the osmotic drag 
coefficient ( = 1.53). 
Table 6.4: Mass Balance of ABFC model 
Anode Inlet Outlet  OHM 2 OHdiffw MJ 2 rw Total in Total out 
Mass in 
(kg/s) 
2.80e-5 - - 1.5e-17 - 2.80e-5  
Mass out 
(kg/s) 
- -1.47e-5 -1.20e-5 - -  -2.67e-5 
Cathode Inflow Outflow  OHM 2 OHdiffw MJ 2 rw Total in Total out 
Mass in 
(kg/s) 
9.31e-4  0.12e-4   9.43e-4  
Mass out 
(kg/s) 
 -9.39e-4  -1.5e-17 -0.05e-4  -9.44e-4 
 
The temperature increase along the stream-wise direction of the cathode catalyst layer 
is shown in Figure 6.18. The cathode catalyst layer is a hot spot as all the heat generated 
from enthalpy change, entropy irreversibility and latent heat of condensation occurs there. 
It is seen that a relatively uniform temperature difference can be maintained at the 
catalyst layer, only about a 0.3C temperature increase. For this polarization point (i = 
0.24 A/cm2), the overall temperature increase is about 2C when operating temperature is 
60C. It is smaller than the 10C temperature difference when operating temperature is 
ambient 33C (c.f. Figure 6.7(b) for validation case). This shows that elevating the 
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operating temperature can help to maintain a more uniform temperature distribution 
within the MEA. 




























6.6.2.2 Effect of Channel Height and Length 
Figure 6.19 compares the polarization curve between two different channel heights 
(Case 1: 3mm and Case 2: 0.5mm) in the 2D ABFC simulations. The channel length is 
maintained at 5cm. As can be seen from Figure 6.19, reducing channel height from 3mm 
to 0.5mm greatly deteriorates fuel cell performance. The current density at 0.4V is 
reduced threefold, from 0.24 to 0.08 A/cm2. This is attributed to O2 starvation, as 
reflected in Figure 6.20 of the O2 concentration distribution for cases 1 and 2. For case 1, 
the unidirectional convection flow (c.f. Figure 6.12) is able to supply sufficient O2 
throughout the MEA region for the electrochemical reactant consumption. However, for 
case 2, O2 is only transported by the weak diffusion process within the vicinity of the 
channel entrance and exit. This insufficient O2 mass transport results in most of the 






















Case 1: Channel height = 3.0mm
Case 2: Channel height = 0.5mm
 
Figure 6.19: Comparison of polarization curves between two different ABFC 
channel heights 
Case 2 Case 1 
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(a) Full view 
 
(b) Zoom in view 
Figure 6.20: Comparison of O2 concentration between two different ABFC 
channel heights 
kmol/m3 
Case 2: 0.5mm 
channel height 
Case 1: 3.0mm 
channel height 
Zoom in view – (b) 
kmol/m3 
Case 2: 0.5mm 
channel height 
Case 1: 3.0mm 
channel height 
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Figure 6.21: Comparison of cathode channel exit velocity between two different ABFC 
channel heights 
 
Comparison of channel exit velocity in Figure 6.21 shows that the flow velocity in the 
cathode channel is reduced very significantly when channel height decreases from 3mm 
to 0.5mm. The average velocity for case 1 is 32cm/s, whereas for case 2, it is merely 1 
cm/s. 
It is also noteworthy to point out that although the exit flow velocity in case 2 is 
directed outwards away from the channel, the O2 concentration gradient (high value to 
low value) is formed in the opposite direction towards the channel (c.f. Figure 6.20(b)). 
This shows that in the event of geometry restriction, diffusion transport dominates over 
convection transport. Consequently, a concentration gradient is established based on the 
mass consumption process in the catalyst and forms a region with higher O2 at the 
ambient and lower O2 at the channel, even though the airflow is directed from the channel 
m/s 
Case 2: 0.5mm channel height Case 1: 3.0mm channel height 
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to ambient at the channel exit. This finding is important for the micro-ABFC design as 
the miniature geometry poses resistance to airflow along the channel. On the other hand, 
the electrochemical reaction can still generate sufficient concentration gradient to 
facilitate the mass transport process in the micro-device through diffusion transport. 
Figure 6.22 compares the polarization performance at two different channel lengths 
(Case 2: 5cm and Case 3: 1cm) in the 2D simulations. The channel width is maintained at 
0.5mm. Reducing channel length is seen to enhance fuel cell performance. This is again 




















Case 2: Channel length = 5cm
Case 3: Channel length = 1cm
 
Figure 6.22: Comparison of polarization curves between two different ABFC 
channel lengths 
 
Case 3 Case 2 
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6.6.2.3 Effect of Device Orientations 
Table 6.5 tabulates the case studies with three different device orientations. Figure 
6.23 shows the relevant schematic layout. 
Table 6.5: Three different device orientations for ABFC simulations 
Case Cathode Gas channel 
dimension 
g direction 
1 5cm x 3.0mm 90 w.r.t. horizontal 
4 5cm x 3.0mm 45 w.r.t. horizontal 
5 5cm x 3.0mm horizontal 
 
 

















Case 1: 90 degree w .r.t. horizontal
Case 4: 45 degree w .r.t. horizontal
Case 5: horizontal
 









Figure 6.24 compares the polarization curve between three different device 
orientations (Case 1: 90, Case 4: 45 and Case 5: 0) in the 2D ABFC simulations. As 
compared to the vertical orientation in Case 1, only marginal performance deterioration is 
noted when orienting the ABFC at 45 in Case 4. However, when aligning the ABFC 
horizontally in Case 5, it drastically reduces the performance. This can be explained from 
the O2 concentration distribution in Figure 6.25 which shows that the O2 distribution is 
sufficient to sustain the electrochemical reaction throughout the MEA. The slight 
performance decrease in Case 4 is reflected by the relatively smaller amount of O2 
presence in the cathode gas channel, especially in the exit region. However, aligning the 
ABFC in horizontal orientation completely depletes the central portion of MEA of O2, 
thus limiting catalyst utilization to only the two channel ends. As such, performance is 
degraded. 










In addition, Figure 6.26 shows that changing the ABFC orientation from vertical to 
horizontal reduces the convection velocity in the cathode gas channel, from 32cm/s in 
Case 1 to 12cm/s in Case 4, and finally reducing it to merely 0.2 cm/s in Case 5. This in 
turn also reduces the O2 mass transfer coefficient. 
 
(a) Full view 
 
 
(b) Zoom in view 








uave = 32cm/s uave = 12cm/s 









In order to fully assess the impact of gravitational acceleration on ABFC mass 
transport, additional simulations were carried out for the horizontal ABFC without 
including g (case 6). Figures 6.27 and 6.28 show a comparison between case 5 
(horizontal ABFC with g) and Case 6 (horizontal ABFC without g) for velocity flow field 
and O2 distribution, respectively. From these two figures, it can be seen that horizontal 
ABFC with g still performs better than the case without g. This is because the flow 
reversal with higher velocity at the two channel ends is established for case 5, but normal 
diffusive flux inwards with lower velocity at the two channel ends are observed for case 6. 
This causes lower O2 content to be delivered to the center MEA for case 6. Therefore, it 
can be deduced that gravitational force plays a critical role in affecting the flow field and 
O2 concentration, thus determining ABFC performance, even though the length scale for 
cathode channel is within a few mm (3mm x 3mm). 
Figure 6.27: Comparison of velocity profile between horizontal ABFC for scenario with 
and without gravitational effect 
 
Figure 6.28: Comparison of O2 mass fraction between Cases 5 and 6 
g 
Case 5: Horizontal ABFC with g Case 6: Horizontal ABFC without g 
Case 5: Horizontal ABFC with g 
g 
Case 6: Horizontal ABFC without g 
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6.6.2.4 Performance Durability 
Durability and stability are two major performance parameters that will determine the 
success or failure of a fuel cell system in commercial markets. High durability enables a 
fuel cell system to operate over long periods without failure, hence minimizing 
maintenance costs and outages. It could also make the relatively high initial capital 
investment of a fuel cell system a non-issue because the fuel cell system lifetime cost of 
ownership would be less than that of batteries and other conventional technologies after 
factoring in the operation and maintenance costs. Multiple approaches should be explored 
in order to enhance the durability and stability of a fuel cell system. Using more costly 
components may be one of the short-term solutions, but the initial high cost would 
impede the acceptance of this technology by the general public. 
In the 2D ABFC simulation, the performance stability issue is explored for Case 5 
horizontal fuel cell configuration by extending the simulation duration up to about 5 
hours. The simulation time step size is 0.1s and 20 iterations per time step is required to 
obtain the converged result. Therefore, massive computational effort which takes about 1 
month of computer running time is spent on this single simulation case. 
The plot of fuel cell current variation with time in Figure 6.29 shows that at about 100 
min, the horizontal ABFC displays the classical capacitor storage phenomenon for 
charging/discharging; with a spike and subsequent drainage of the current density. After 
this, the current drops monotonically. This instability of fuel cell performance is mainly 
due to the inability to remove liquid water accumulated, as seen from the increasing of 
liquid saturation factor with time in Figure 6.30. The central portion is mostly susceptible 
to water flooding due to insufficient fresh air transport. 
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Figure 6.29: Current variation with time for horizontal ABFC 














6.7 3D CFCD Simulation 
In this section, the results for three dimensional time-dependent CFCD simulation for 
two main designs of ABFC, namely channel and planar, are presented and discussed. For 
convenience, the following case studies with different ABFC geometry designs and 
operating conditions are renamed as follows: 
Case 7: Channel; vertical orientation 
Case 8: Full planar perforations with bipolar plate thickness 3.5mm, facing upwards 
Case 9: Full planar perforations with bipolar plate thickness 3.5mm, facing downwards 
Case 10: Full planar perforations with bipolar plate thickness 1mm, facing upwards 
Case 11: Segmented planar perforations with bipolar plate thickness 3.5mm, facing 
upwards 
 
6.7.1 Geometry and Computational Model 
Figure 6.31 shows the geometry models for both channel and planar ABFC used in 
the 3D simulation analysis. The computational domain makes use of translational 
periodic boundary conditions to mimic the repeating units, as shown in Figure 6.32. 
Figure 6.31: Geometry of physical model for 3D ABFC simulation 
Channel design Planar Design 
3mm x 3mm 
5cm length 
3mm x 3mm 
5cm length Air Air flow 
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Figure 6.32: Computational model for 3D ABFC simulation 
Figure 6.33 shows the typical grid resolution used for the channel ABFC. Generally, 
the number of meshes for this 3D ABFC simulation reaches about 150,000 cells. The 
number of cells has to be limited within this range as this is a time-dependent simulation 
and hence requires massive computer resources (minimum 20,000 iterations) in order to 
reach the pseudo steady state converged results. 
Figure 6.33: Grid resolution for 3D channel ABFC model 














6.7.2 Comparison between 2D and 3D 
Comparison of results between the 2D and 3D simulation cases for channel ABFC 
design (Case 1 and Case 7) is presented here. Similar operating conditions both 2D and 
3D cases are used and shown in Table 6.6. At 0.4V, 2D and 3D simulations predict 
current densities of 0.24 and 0.21 A/cm2, respectively. 
Figure 6.34(a) – (e) depicts a comparison of 2D and 3D model results in terms of 
velocity flow field, O2, water vapor concentration at the cathode, H2 concentration at 
anode and temperature in the fuel cells, respectively. 
It can be seen that in comparing this to 2D, the wall effect from 3D simulation reduce 
the predicted flow velocity from 32.3 cm/s to 6.9 cm/s (see Figure 6.34(a)). This 3D 
model result is closer to the experimental finding from Fabian et al (2007), as it simulates 
the more realistic case with bounding channel wall shear stress effect.  
O2 depletion (c.f. Figure 6.34(b)) and H2O generation (c.f. Figure 6.34(c)) effects are 
more significant in 3D simulation. Reduced O2 concentration in 3D simulation is related 
to the lower flow velocity. As for the higher H2O concentration in 3D simulation, it can 
be explained from similar findings in the earlier chapter for model validation (Section 
4.3.4.1). The 3D model yields a high liquid saturation factor (23%) as compared to the 
7% in the 2D model, as the 3D nature of the current collector hinders the liquid water 
transport directly from GDL to porous gas channel and traps a large amount of liquid 
water. The same phenomenon is applied to the water vapor in the 3D case. 
No significant difference is observed between 2D and 3D simulations in terms of H2 
concentration (c.f. Figure 6.34(d)). The phenomena that H2 concentration is increased 
along the anode channel still exist in 3D simulation. This implies that EOD prevails in 
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both 2D and 3D models when anode inlet is fully humidified. As for the temperature 
comparison (c.f. Figure 6.34(e)), it shows that 3D simulation has a slightly higher value. 






































































(e) Temperature in fuel cell MEA and gas channel 
Figure 6.34: Comparison of results between 2D and 3D simulation cases for channel 
ABFC design 
 
Table 6.6: Operating Condition for 2D and 3D ABFC Model Simulation 
Anode Inlet   
Anode mass flow rate (H2), (kg/s)  = 3.35 
Mass fraction of H2, yH2 0.31 
Mass fraction of H2O, yH2O 0.69 (100% RH) 
Temperature, C 60 
Operating Pressure, Atm 1 
Cathode Inlet  
Cathode ambient Pressure outlet (ABFC) 
Mass fraction of O2, yO2 0.23 
Mass fraction of H2O, yH2O 0.13 (100% RH) 
Temperature, C 60 
Operating Pressure, Atm 1 
 
Figure 6.35 (a) and (b) make comparison between 2D and 3D simulations for the 


























































(b) Liquid saturation factor 
Figure 6.35: Comparison between 2D and 3D simulation results of water content 
associated products along cathode GDL/catalyst 
 
As can be seen for Figure 6.35, 3D simulation predicts higher proton conductivity and 
liquid saturation factor (s) along the cathode GDL/catalyst. 3D model gives extra 
hindrance to liquid water transport and contributes to the higher water content. Besides, a 
higher water vapor partial pressure, especially back diffusion from the channel exit, is 
predicted in 3D simulation. This constitutes to the higher liquid water activity and hence 
higher water contents associated product. 
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In short, it can be seen that compared to 2D case, predicted O2 concentration is lower, 
whereas H2O concentration is higher in 3D simulation. Besides, 3D simulation yields 
higher membrane proton conductivity and liquid water saturation factor. Although the 3D 
simulation gives higher water content, the O2 content is lower and hence the net effect is 
a resulting lower current density. 
 
6.7.3 Effect of ambient temperature 
Ambient operating temperature can produce significant impact on fuel cell 
performance. A 3D simulation with two different operating temperatures (33C and 60C) 
for channel ABFC has been carried out. As shown in Figure 6.36, elevating the operating 
temperature from 33C to 60C produces 16% improvement in fuel cell performance at i 











































33C, pow er density
60C, pow er density
 
Figure 6.36: Comparison of polarization curves between different operating temperatures 
for channel ABFC 
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6.7.4 Comparison between channel and planar ABFC with perforations 
3D simulation for the planar ABFC with perforations (Case 8) has been carried out, 
and the results are compared with its channel counterpart (Case 7). The geometric 
description for these two models can be seen from Figure 6.32. 
From the global current density comparison shown in Figure 6.37, it is noted that with 
everything else being equal (channel opening, MEA length, operating condition), planar 
ABFC with perforations yields performance enhancement of about 4-5% as compared to 
the channel ABFC. Higher improvement is achieved when current density is increased, as 



















Case 8: planar ABFC w ith perforations
Case 7: channel ABFC
 
Figure 6.37: Comparison of polarization curves between Cases 7 and 8 
 
Figures 6.38 to 6.43 describe the local distribution results for both channel and planar 
ABFC with perforations in terms of the flow (Fig. 6.38), reactant/product (Fig. 6.39 – 
6.40) and temperature (Fig. 6.41) distribution, as well as the proton conductivity (Fig. 
6.42) and liquid saturation factors (Fig. 6.43). 
204 
From Fig. 6.38, it can be seen that for channel ABFC, the flow in the cathode channel 
is mainly driven by natural convection; whereas for the planar ABFC with perforations, it 
is mainly driven by diffusion. This observation is in agreement with previous 2D 
simulation results which deduced that when cathode length scale in fuel cell is reduced, 
transport mechanism in the flow channel would change from reaction-convection 
dominated to reaction-diffusion dominated. In this comparative study, channel ABFC is 
considered to have a sufficiently large volume (3mm x 3mm x 5cm opening) for 
convection flow. However, the planar ABFC with perforations has a rather restrictive 
volume (3mm x 3mm x 3.5mm opening) and hence has higher tendency to be associated 
with diffusion transport. In addition, the geometric design for planar ABFC with 
perforations has no clear provision for single outflow, as the flow would enter and leave 
the channel through the same opening. This also promotes diffusion transport, especially 
with a small opening (3mm x 3mm) for planar ABFC with perforations. 
In Figure 6.38, it is also noted that the average flow velocity in planar ABFC is much 
lower than that in the channel ABFC. Besides, the central portion displays flow 
stagnation. However, the overall fuel cell performance for planar ABFC is still higher 
than that of the channel. This is because the key issue for enhanced fuel cell performance 
is to achieve the optimal balance between reactant and water content. The flow in both 
gas channel and MEA regions is mainly reaction dominant. In this scenario, the planar 
ABFC design is able to provide favorable factors for reaction transport such as a larger 
opening with a smaller flow path between ambient and MEA to attain the optimum O2 
and water content, with an apparently lower air velocity. This also alludes to the finding 
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from Chapter 5 (Section 5.2.2) that higher flow rate does not necessarily assure better 
fuel cell performance. 
It is also important to note that our finding here of the flow circulation across the gas 
channel is more realistic as compared to the modeling results from Hwang and Chao 
(2007), which stated that the gas mixture in planar ABFC flows predominantly outwards 
from porous cathode to ambient. This is because in nature, self air-breathing process 
involves the intake of O2 from ambient and rejection of excess water vapor to ambient. 
To accomplish this mass transport phenomenon, flow circulation is certainly required. 
Hence, our model results conforms more to reality as compared to Hwang and Chao 
(2007). 
In Figure 6.39, channel ABFC shows O2 depletion at channel exit, while planar 
ABFC suffers from O2 starvation at MEA center. This can be linked to the previous 
Figure 6.38(b) which shows the flow stagnation at the MEA center for planar ABFC 
design. It is worthwhile to note that this finding is different from the recent publication of 
Al-Baghdadi (2009), as their O2 distribution is similar for each perforated opening. Their 
computational modeling carried out using FEMLAB 2.3 did not include O2 reservoir as 
the boundary condition to simulate the air breathing process. In addition, it was 
conducted in the steady state simulation. This mathematical modeling’s approach, in the 
author’s opinion, does not actually represent the true physical operating condition for 
ABFC, and is hence unreliable. 
From Figure 6.39, it is also discovered that the O2 concentration decrease along 
cathode GDL/catalyst for channel ABFC is a linear profile, but the O2 profile is relatively 
flat with slight dip in the center for planar ABFC. Therefore, for planar ABFC, there is a 
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potential improvement by increasing the O2 mass transfer rate towards the MEA center, 
and as shown later, can be achieved by reversing device orientation (making planar 
ABFC facing downwards) 
In Figure 6.40, it is observed that planar ABFC has less water vapor concentration 
than that in the channel design. This is because a more open area to the ambient is 
available for exchanging fresh unsaturated air with the saturated gas mixture in the 
cathode channel. This also implies that a superior performance for water removal 
capability can be obtained for planar ABFC with perforation. 
Figure 6.41 reveals a more uniform temperature distribution obtained for the planar 
ABFC. Again, this is due to the fact that there are more openings to ambient for fresh air 
exchange with cathode gas channel. 
Water content () is a direct measure to estimate proton conductivity (mem), as given 
by Springer et al (1991). Therefore, the plot of proton conductivity is a direct indicator 
for water content. As seen in Figure 6.42, a more uniform proton conductivity 
distribution for planar ABFC is achieved. Besides, in Figure 6.43, higher liquid water 
saturation factor is produced by channel ABFC. This results in the inferior performance 
of the channel ABFC, implying that planar ABFC has a higher water removal capability. 
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(a) Case 7: Channel ABFC 
 
(b) Case 8: Planar ABFC with perforations 








Vave = 0.2cm/s 
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Case 8: planar w ith perforations
 
(b) O2 profile along cathode GDL/catalyst 
Figure 6.39: Comparison of O2 concentration between Cases 7 and 8 
kmol/m3 
Case 8: Planar with perforations 
g 
Case 7: Channel 
g 
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Figure 6.40: Comparison of water vapor concentration between Cases 7 and 8 
 
Figure 6.41: Comparison of temperature contour and profile along cathode GDL/catalyst 
between Cases 7 and 8 
kmol/m3 
Case 8: Planar with perforations 
g 
Case 7: Channel 
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Case 8: Planar with perforations 
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Case 7: Channel 
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Figure 6.42: Comparison of proton conductivity contour and profile along cathode 

























Case 8: planar w ith perforations
 





Comparison between channel and planar ABFC for proton 























Case 7: Channel 
Case 8: Planar with perforations 
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6.7.5 Effect of orientation for planar ABFC with perforations 
Additional simulation for planar ABFC with perforations was carried out by reversing 
its orientation such that the cathode opening is now facing downwards (Case 9). Figure 
6.44 describes the orientation for both scenarios of the device facing upwards and 
downwards, respectively. 
Figure 6.44: Geometry description for planar ABFC facing upwards and downwards 
Comparison of the polarization curves shown in Figure 6.45 reveals that the planar 
ABFC facing downwards displays better performance as compared to the one facing 
upwards; a rather small 1% improvement is computed when operating voltage is 0.2V. 
This numerical solution is different from the analytical result of Li et al (2003), which 
states that an upward orientation generates up to 10% more power as compared to the 
downward orientation. However, their analytical solution is over-simplified as compared 
to the current model, due to the following restrictions in their 1D model: 
1. The analogous equation is based on isothermal mass transfer assumption. 
2. Heat transfer analogy is used such that free convection mass transfer coefficient 
depends on the orientation of the mass transfer surface. The accuracy of these 
mass transfer equations are subjected to many uncertainties, e.g. assumed value 
for Sherwood number. 
Case 8: Planar ABFC 
facing upwards 
g 
Case 9: Planar ABFC 
facing downwards  
g 
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3. The analytical result is not validated with any experimental data. The high current 



















Case 8: planar ABFC facing upw ards
Case 9: planar ABFC facing dow nw ards
 
Figure 6.45: Comparison of polarization curves between Cases 8 and 9 
 
Figures 6.46 (flow distribution) and 6.47 (O2 concentration) further explain the 
rationale for higher current density in Case 9 (downwards orientation). As can be seen in 
Figure 6.46, more flow circulation within the cathode flow channel is obtained for ABFC 
with a downwards orientation. This in turn results in higher O2 concentration for planar 
ABFC facing downwards, especially at the center region (c. f. Figure 6.47). Furthermore, 
it also brings along the extra advantage of liquid water removal. 
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Figure 6.46: Comparison of velocity flow field between Cases 8 and 9 
 




Case 9: Planar – facing downwards 
Case 8: Planar- facing upwards 
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Case 9: Planar – facing downwards 
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Case 8: planar - facing upw ards
Case 9: planar - facing dow nw ards
 
(b) O2 profiles along cathode GDL/catalyst 
Figure 6.47: Comparison of O2 concentration between Cases 8 and 9 
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6.7.6 Effect of bipolar plate thickness in planar ABFC with perforations 
Simulations were carried out with two different bipolar plate thicknesses, 3.5mm 
(Case 8) and 1mm (Case 10). The geometry is shown in Figure 6.48. 
Figure 6.48: Geometry description for planar ABFC facing upwards with different 


















Case 8: planar ABFC facing upw ards, bipolar plate thickness = 3.5mm
Case 10: planar ABFC facing upw ards, bipolar plate thickness = 1.0mm
 
Figure 6.49: Comparison of polarization curves between Cases 8 and 10 
 
Figure 6.49 shows that the thinner bipolar plate (Case 10, H = 1.0mm) can only have 
a meager 1% improvement over the thicker design (Case 8, H = 3.5mm). This is because 
the bipolar plate thickness affects O2 concentration along GDL. Reducing the thickness 
(Case 10) gives a higher O2 content at GDL, as shown in Figure 6.50. However, the 
Case 8: Bipolar plate 
thickness, H1 = 3.5mm 
g 
Case 10: Bipolar plate 




reduced bipolar plate thickness design has another disadvantage of losing its capability to 
hold water content in the membrane. As shown in Figure 6.51, the thinner bipolar plate 
(Case 10, H = 1.0mm) has lower water content as compared to the thicker case (Case 8, H 
= 3.0mm). Overall, the ABFC performance is dictated by the optimal combination 
between O2 and water content. Reducing the bipolar plate thickness gives rise to an 
opposing effect of higher O2 but lower water content, and hence the advantage brought 
by improved mass transport is offset by the negative impact of reduced water content. 
Nevertheless, the ultimate outcome with reduced bipolar plate thickness still yields the 


























Case 8: H = 3.5mm
Case 10: H = 1.0mm
 
(b) O2 profile along cathode GDL/catalyst 
Figure 6.50: Comparison of O2 concentration between Cases 8 and 10 
 
kmol/m3 
Case 10: H = 1.0mm 
Case 8: H = 3.5mm 
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Figure 6.51: Comparison of water content at cathode catalyst/membrane interface 





















Case 8: H = 3.5mm
Case 10: H = 1.0mm
 
Figure 6.52: Comparison of current density along anode bipolar plate between Cases 8 
and 10 
 
Case 10: H = 1.0mm Case 8: H = 3.5mm 
Comparison of water content along cathode catalyst/membrane for full 


















bipolar plate thickness = 3.5mm
bipolar plate thickness = 1.0mm
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6.7.7 Comparison between planar ABFC full and segmented perforations 
For simulation of the planar ABFC with full perforations (Case 8), the computational 
domain made use of translational periodic boundary conditions in order to mimic the 
repeating units. However, for the planar ABFC with segmented perforations (Case 11), 
pressure outlet boundary conditions are applied to all four sides of the upper domain. 
Figure 6.53 describe the geometry configuration and boundary conditions for both 
scenarios. 
 
(a) Planar ABFC with full perforation 
 
(b) Planar ABFC with segmented perforation 







Case 8: Full Planar ABFC 























Case 8: full planar ABFC facing upw ards
Case 11: segmented planar ABFC facing upw ards
 
Figure 6.54: Comparison of polarization curves between Cases 8 and 11 
 
Figure 6.54 shows that the segmented planar ABFC (Case 11) can have a nominal 1% 
enhancement over the full planar case (Case 8). Although this improvement is marginal, 
it serves as a clear indicator that the opening peripheral to ambient is an important 
consideration for the ABFC design, especially at high current densities. 
Compared to the Case 8 cathode gas channel flow field as shown in Figure 6.38(b), it 
can be seen that Case 11 (in Figure 6.55(a)) has a smaller average velocity (0.04cm/s), 
roughly about five times lower than that in Case 8 (0.2cm/s). The mass transport 
phenomena in the cathode gas channel for both Case 8 and Case 11 are mainly driven by 
diffusion. However, the overall flow through the gas channel and porous media of GDL 
and catalyst layer is still dominated by Oxygen Oxidation Reaction (OOR). In this case, 
the reactant mass flow rates flowing through the cathode opening arising from 
electrochemical consumption is smaller for Case 11, due to the smaller reaction area. 
Therefore, the flow velocity in Case 11 becomes smaller. 
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From Figure 6.55(b), it is also observed that for Case 11, the flow enters the cathode 
gas channel mainly through the two sides exposed to the ambient, and leaves the domain 
from the central portion. This fresh air “scooping” phenomena from two sides, to a 
certain extent, underscores the importance of applying the external reservoir domain as 
the necessary boundary condition to simulate the air breathing process. This is because 
simply applying the pressure outlet at the cathode channel opening (as was done by 
Hwang et al (2007) and Al-Baghdadi (2009)) would not generate this scooping airflow 
pattern and would therefore produce incorrect results in ABFC simulation. Indeed, 
applying the appropriate boundary condition at the cathode side is considered as one of 
the most challenging parts in ABFC simulations. 
From Figure 6.56, it is noted that a more uniform and higher O2 concentration is 
established in Case 11. The segmented planar ABFC (Case 11) also gives higher O2 
concentration at the center. Conversely, Case 11 has lower H2O concentration at the 
center as compared to Case 8 (c.f. Figure 6.57), and therefore lower water content (c.f. 
Figure 6.58). This reduced water vapor product essentially decreases the membrane 
proton conductivity. The opposing effect between a higher O2 content and a lower water 
content at catalyst layer for Case 11 (segmented planar) yield marginal improvement (1%) 
as compared to Case 8 (full planar). 
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(a) Flow in Case 11 
 
(b) Flow at one of the interface between cathode gas channel and ambient 







Case 11: Segmented planar 
Vave = 0.04cm/s 
m/s 
Case 11: Segmented planar 
Case 8: Full planar 
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Case 8: full planar ABFC facing upw ards
Case 11: segmented planar ABFC facing upw ards
 
(b) O2 profile along cathode GDL/catalyst 
Figure 6.56: Comparison of O2 concentration between Cases 8 and 11 
 
kmol/m3 Case 8: Full planar 
Case 11: Segmented planar 
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Figure 6.57: Comparison of water vapor concentration between Cases 8 and 11 
Figure 6.58: Comparison of water content at cathode catalyst/membrane interface 




Case 8: Full planar 
Case 11: Segmented planar 
Case 8: Full planar Case 11: Segmented planar 
Comparison between full and slot planar ABFC for membrane water 





















full planar ABFC facing upw ards
slot planar ABFC facing upw ards
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6.8 Closing Remarks 
Firstly, the computational model for ABFC is validated with a reasonable comparison 
against experimental data from Wang et al (2005). Time-dependent simulation is required, 
as it has been experimentally verified that ABFC operation is unstable and the 
performance is varied with time over the 20 minutes time scale. 
From the 2D ABFC simulation results, it can be seen that with a sufficiently large 
channel opening, flow in the cathode gas channel is associated with reaction-convection 
dominated transport mechanism and is therefore unidirectional. However, with a small 
channel opening, the transport mechanism is reaction-diffusion dominated and hence the 
flow comes into the cathode channel from both ends. 
When anode inlet is fully humidified, EOD outweighs back-diffusion for water 
transport across the membrane. Consequently, resultant transportation of water from 
anode to cathode causes an increase of air flow velocity in the cathode channel. It also 
causes a rise in H2 concentration along anode flow direction due to the reduced H2O mole 
fraction in the anode gas channel. 
It is also found that cathode channel geometry design is crucial to determine ABFC 
characteristics. Performance enhancement can be obtained when channel height is 
increased and channel length is reduced. Besides, aligning ABFC vertically gives 
favorable results as compared to other orientations. Gravitational force is important to 
determine the ABFC performance, even though geometrical length scale is miniaturized 
(within few mm, e.g. 3mm x 3mm). Horizontal ABFC causes unstable performance due 
to the liquid water accumulation effect. 
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From the 3D ABFC simulation, it is noted that the transport phenomena in the 
cathode channel of ABFC is closely linked to the geometric design and length scale of 
the cell. For channel ABFC with an adequate opening size (e.g. 3mm x 3mm x 5cm), the 
flow is reaction-convection dominated; whereas for planar ABFC with perforations in 
which cathode channel length scale is restrictive and small (e.g. 3mm x 3mm x 3.5mm), 
the flow is reaction-diffusion dominated. Therefore, it can be deduced that channel ABFC 
prefers large channels whereas the planar perforated ABFC prefers the opposite. 
Simulation results revealed that planar perforated ABFC yields about 5% 
improvement over the channel ABFC; and the performance enhancement is more 
significant at higher current densities (e.g. 0.4 A/cm2). Making the planar ABFC face 
downwards (by reversing the device orientation) and reducing the bipolar plate thickness 
are shown to yield a small incremental 1% improvement to fuel cell performance. 
Besides, it was found that the fresh air entrainment in the self breathing process in planar 
ABFC tends to come from the sides adjacent to ambient and this depletes the center 
portion of O2. Therefore, a wider peripheral adjoining to ambient; such as segmented 
perforation, will be more favorable to full perforation design. Although current 
simulation shows there is only 1% improvement with segmented perforation, it is 
possible to have higher enhancement by using round planar over square planar ABFC. 
Finally, it is deduced that for enhanced ABFC performance, the new design should 
posses the capability of achieving an optimal combination of O2 and water content. This 
is to keep the balance between efficient delivery of reactants for the electrochemical 
reaction and at the same time maintaining the necessary membrane water content for a 
high proton conductivity of ionic conduction. 
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Chapter Seven: Conclusions and Suggestions for Further R&D 
7.1 Conclusions 
In this work on mass transport enhancement of PEMFC, the CFCD model was first 
validated by demonstrating agreement with the relevant experimental data for both 
cathode side forced and free convection PEMFC. In the forced convection fuel cell, good 
agreement of the global polarization curve was obtained by comparing 2D simulation 
results with experimental data from Noponen et al (2004). Local current density 
comparison shows that a maximum value of 1.16 A/cm2 is predicted by computer 
simulation. This is close to the experimental result of 1.24 A/cm2, with 6% uncertainty. In 
terms of the temperature profile comparison, an increase of 4.50C is obtained for the 
cathode catalyst layer, and this is within the temperature range of 4-60C measured by Vie 
and Kjelstrup (2004). In the ABFC, the model is validated through reasonable 
comparison with experimental data from Wang et al (2005), and a time dependent 
methodology is required to simulate the air breathing process. 
Concerning mass transport enhancement for forced convection fuel cell, a flow 
structure which delivers the reactant transversely to the MEA using an impinging jet 
configuration at cathode side is proposed and modeled to examine its effectiveness, 
especially at high current densities. A macro-porous gas diffusion layer with permeability 
in the order of 1e-09 m2 is required for the impinging jet design to be effective. It is 
important to note that a larger flow rate not necessarily resulting in enhanced PEMFC 
performance, as this will cause membrane dehumidification and hence fuel cell 
deterioration. A multiple impinging jet design is further suggested as an effective way to 
achieve flow and species uniformity with results in more uniform catalyst utilization. It 
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can also lower the fuel cell temperature and alleviate flooding as fresh reactant from each 
jet can remove excess water vapor. 
For free convection air breathing PEM fuel cell (ABFC), the effect of geometric 
factors (e.g. channel length and width), device orientation (horizontal placement, 
alignment with gravity or at an inclined angle), and O2 transfer configuration (channel vs. 
planar) are investigated. It is noteworthy to mention that when anode inlet is fully 
humidified, electro-osmotic drag (EOD) outweighs back-diffusion for water transport 
across the membrane, and consequently risks anode membrane dehydration. Planar 
ABFC can outperform the channel design by about 5%. For planar ABFC, factors such as 
making device facing downwards, reducing the bipolar thickness for planar ABFC and 
using the segmented perforation could also provide incremental improvement. Transport 
phenomena in the cathode channel of ABFC are closely linked to the geometrical design 
and length scale of the cell, as large channels would favor the convection-reaction flow, 
and small channels advocate the diffusion-reaction phenomena. Based on our simulation 
results, an optimum design for the enhanced performance for ABFC is derived. It has 
adopted by the experimental team at Temasek Poly, Singapore, dealing with the 
development of PEMFC. 
Finally, this thesis contributes to a better understanding of the design for enhanced 
performance of PEMFC (both forced convection and ABFC). This necessitates an 
optimal combination of improved reactant mass transport for electrochemical reaction 
and concurrently keeping the right membrane water content for ionic transfer without 
causing flooding of the GDL. 
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7.2 Suggestions for Future R & D 
A few suggestions for R & D to enhance PEMFC performance are listed as follows: 
1 To couple the impinging jet configuration with a baffle in the flow distributor to 
convert the diffusion transport to convection transport in the GDL. 
2 To analyze round shaped MEA for ABFC, as it could provide higher peripheral 
area for fresh air entrainment during the air breathing process. 
3 To implement flow pulsation for higher diffusion rate across GDL. 
4 To use wavy walls for flow channel and/or GDL for mass transfer enhancement. 
The parametric study on the variation of wavy wall amplitude between parallel 
(geometrical constriction,  = 1) and inter-digitated ( = 0) can also be explored. 
5 To vary the temperature along channel flow in order to alleviate the flooding 
problem. However, feasibility study from the operating point of view has to be 
carried out first in order to establish the proof of concept. 
6 To design variable permeability GDL so that lower permeability is present at the 
higher reaction side. Manufacturing issues have to be addressed in order to see 
whether it is achievable. 
7 To taper the parallel channel wall in order to suppress the species concentration 
boundary layer and improve mass transport process across porous GDL 
8 To use fractal flow channel as flow distributor. Earlier work on this design had 
been advocated by Bejan (2000) to solve for fluid flow and thermal management 
issues. However, the application of fractal channel in PEMFC for gas 
management is rarely seen in the open literature. 
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9 To investigate the effect of intermittent pulsation to flush out water. This will 
involve the study on the transient effect of the flooding phenomena in PEMFC, 
with sudden rise in flow rate for short durations to flush out accumulated moisture. 
In general, most of the suggested modifications entail fabrication difficulties and 
costs. Hence, cost-effectiveness must be assessed before any extensive R & D is 
undertaken. 
Besides that, various modeling approaches have also been proposed here to 
complement CFCD work and to bring modeling research to greater heights. 
1 To extend modeling techniques (coupled with experimental studies) for 
biochemical fuel cells that used living organisms as the reactants. 
2 To date, there is no complete computational model for fuel cell stacks including 
all the transport phenomena together. Therefore, it is proposed to carry forward 
this detailed modeling study from single cell to stack cell, including the gas 
manifold simulations. 
3 The PEMFC catalyst layer consists of a complex composite structure of 
interconnected, micro-porous agglomerates surrounded by macro-pores. Charged 
species, heat, liquid water and gas all flow through this catalyst layer. It is 
proposed that a multi-scale modeling strategy is required to resolve the catalyst 
structure and guide the formulation of improved macroscopic models suitable for 
use in CFCD. 
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Appendix 1: Summary of PEMFC publications with commercial CFCD software 
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Engineering, University of South 
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USA 
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Appendix 2: FLUENT User Defined Function for Modified Heat Source Term  











RTTxE    has 
been used to replace the heat formation (reaction) of water. 
The procedure consists of the following steps: 
1. Change the fraction of the energy released in the chemical reaction for the 
formation of water as heat energy from 0.2 to 0.0. 
Original setting 
real heat_apportionment_factor(cell_t c, Thread *t) 
{ 
  return 0.2; 
Modified Setting 




2. Compile the pem_user.c under fuelcellcells2.2 directory using this command 
 nmake /f makefile_master-client.nt (in Windows OS) 
 make –f Makefile-client FLUENT_ARCH=lnamd64 (in LINUX with 
AMD 64 bit processor) 
3. Hook up the relevant UDF file using DEFINE-User Defined-Function-Manage 
4. Write the following UDF for the heat source term relevant to the reversible cell 
potential: 




    real C1    = 8.3e-4;    /*constant is E_rev*/ 
    real C2    = 2.1542e-5; /*constant in E_rev, R/4F*/ 
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    real MWO2  = 0.032;        /*molecular weight of oxygen*/ 
    real MWH2O = 0.018;        /*molecular weight of water vapor*/ 
    real MWN2  = 0.028;        /*molecular wieght of nitrogen*/ 
    real ave_MW; 
    real mol_frac_O2; 
    real source; 
    ave_MW = 1/((C_YI(c,t,O2)/MWO2) + (C_YI(c,t,H2O)/MWH2O) + 
(C_YI(c,t,N2)/MWN2)); 
    mol_frac_O2 = ave_MW*C_YI(c,t,O2)/MWO2; 
    source = C_T(c,t)*(C1 + C2*log(mol_frac_O2))*C_UDMI(c,t,13); 
    dS[eqn] = (C1 + C2*log(mol_frac_O2))*C_UDMI(c,t,13); 
    return source; 
} 
 
5. Hook up the relevant source term file using DEFINE-User Defined-Function-
Interpreted (make sure the c file is under the same directory as your case file) 
6. Run the program 
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Appendix 3: FLUENT User Defined Function for Membrane Properties Adaptation 
In this simulation, m is 0.625, and UDF has been implemented for this adaptation. The 
original value of membrane proton conductivity and water content diffusivity in 
pem_user.c is multiplied by 0.625 for necessary adaptation from default NAFION® to 
GORE-SELECT membrane. 
 
real Membrane_Conductivity(real lam, cell_t c, Thread *t) 
{ 
  real T = C_T(c,t); 
  real eee = 1268.0*(T-303.0)/(T*303.0); 
  lam = MAX(1.0,lam); /* Springer et al 1991: The following 
                       * correlation works only for lam>=1 
                       * below 1.0, use constant value.  */ 
           
  return 0.625*alpha_m*exp(eee)*pow((0.514*lam-0.326),beta_m); 
} 
 
real Water_Content_Diffusivity(real lam,  
                               real T,  
                               real mem_mol_density, 
                               cell_t c, Thread *t) 
{ 
  real diff_w; 
  if (1)   /* reference 1 --cited by CY Wang */ 
    { 
      if (lam<3.0) 
        diff_w = 3.1e-7*lam*(exp(0.28*lam)-1.0)*exp(-2346.0/T); 
      else 
        diff_w = 4.17e-8*lam*(1+161*exp(-lam))*exp(-2346.0/T); 
    } 
  else     /*  use Dutta (USC) fomulation as another option */ 
    { 
      real e_t = exp(2416*(T-303)/(303*T)); 
      real D_lam = 1.0e-10; 
      { 
        if(lam<2) 
          D_lam *= 1.0; 
        else if (lam < 3) 
          D_lam *= (1+2*(lam-2)); 
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        else if (lam < 4.5) 
          D_lam *= (3-1.167*(lam-3)); 
        else 
          D_lam *= 1.25; 
      } 
      diff_w = D_lam*e_t; 
    } 
  diff_w *= mem_mol_density; 




Appendix 4: FLUENT User Defined Function for Constant RH Boundary Condition 
/* UDF for defining water vapor mass fraction at anode and cathode*/ 
 
   #include "udf.h" 
   #define   H2  0 
   #define   O2  1 
   #define   H2O 2 
   #define   N2  3 
   #define   RH_anode    0.5 
   #define   RH_cathode  0.5   
 
real Get_P_sat(real T) 
{ 
  const real exponent_limit = 25.; /* limit meaningful values of exponent */ 
  /*real T = C_T(c,t);*/ 
  real P_sat; 
  real dT = T - 273.17; 
  real exponent 
    = -2.1794 + 0.02953*dT - 9.1837e-5*dT*dT + 1.4454e-7*dT*dT*dT; 
  real p0 = 101325.0; 
 
  exponent = MIN(MAX(-exponent_limit,exponent),exponent_limit); 
 
  P_sat = pow(10.,exponent) * p0; 
 
  return P_sat; 
} 
real Get_Mol_frac_H2O_cathode(real y_H20) 
{ 
    real MWH2  = 0.002;        /*molecular weight of hydrogen*/ 
    real MWO2  = 0.032;        /*molecular weight of oxygen*/ 
    real MWH2O = 0.018;        /*molecular weight of water vapor*/ 
    real MWN2  = 0.028;        /*molecular wieght of nitrogen*/ 
    real y_H20 = C_YI(c,t,H20); 
    real ave_MW_cathode; 
    real Mol_frac_H2O_cathode; 
         
    ave_MW_cathode = 1/((C_YI(c,t,O2)/MWO2) + (C_YI(c,t,H2O)/MWH2O) + 
(C_YI(c,t,N2)/MWN2)); 
    Mol_frac_H20_cathode = ave_MW_cathode*C_YI(c,t,H2O)/MWH2O; 
    return Mol_frac_H2O; 
} 
 
real Get_Mol_frac_H2O_anode(real y_H20) 
{ 
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    real MWH2  = 0.002;        /*molecular weight of hydrogen*/ 
    real MWO2  = 0.032;        /*molecular weight of oxygen*/ 
    real MWH2O = 0.018;        /*molecular weight of water vapor*/ 
    real MWN2  = 0.028;        /*molecular wieght of nitrogen*/ 
    real y_H20 = C_YI(c,t,H20); 
    real ave_MW_anode; 
    real Mol_frac_H2O_anode; 
    ave_MW_anode = 1/((C_YI(c,t,H2)/MWH2) + (C_YI(c,t,H2O)/MWH2O)); 
    Mol_frac_H20_anode = ave_MW_anode*C_YI(c,t,H2O)/MWH2O; 
    return Mol_frac_H2O_anode; 
} 
DEFINE_PROFILE(anode_y_H2O,t,i) 
        
       real P_opt = 101325;       /*operating pressure*/ 
       real P_abs;                /*absolute pressure, will give partial  
          pressure water vapor when 
multiplied by  
          water vapor mole fraction*/ 
    real P_vap_anode;           /*partial pressure of water vapor at anode*/ 
    P_abs = P_opt + C_P(c,t); 
    P_vap_anode = Mol_frac_H2O_anode*P_abs; 
    face_t f; 
    begin_f_loop(f,t) 
    { 
     F_PROFILE(f,t,i) = 
(RH_anode*P_sat/P_vap_anode)*(MWH2O/ave_MW_anode); 
  end_f_loop(f,t) 
    } 
DEFINE_PROFILE(cathode_y_H2O,t,i) 
        
       real P_opt = 101325;       /*operating pressure*/ 
       real P_abs;                /*absolute pressure, will give partial  
          pressure water vapor when 
multiplied by  
          water vapor mole fraction*/ 
    real P_vap_cathode;           /*partial pressure of water vapor at anode*/ 
    P_abs = P_opt + C_P(c,t); 
    P_vap_cathode = Mol_frac_H2O_cathode*P_abs; 
    face_t f; 
    begin_f_loop(f,t) 
    { 
     F_PROFILE(f,t,i) = 
(RH_cathode*P_sat/P_vap_cathode)*(MWH2O/ave_MW_cathode); 
  end_f_loop(f,t) 
    }
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Specification for single stack PEMFC   
Geometrical paramaters   
anode distributor single serpentine, 14 turns 
anode gas channel thickness 0.3mm 
anode current collector thickness 1mm 
anode GDL thickness 0.15mm 
anode catalyst thickness 17.4m 
membrane thickness 50m 
cathode distributor single serpentine, 14 turns 
cathode gas channel thickness 0.5mm 
cathode current collector thickness 1mm 
cathode GDL thickness 0.15mm 
cathode catalyst thickness 17.4m 
MEA area 31mm x 31mm 
MEA materials Etek-series 12E-N/W MEA 




Appendix 6: Experimental Work associated with undergraduate students 
1. Aug 2006 to May 2007  
 Student : Mr. Wong Bein Shu 
 Project Title : TS03 - Experimental Investigation of Proton Exchange 
Membrane (PEM) Fuel cell 
Assembly of Single PEM Fuel Cell 
 
Figure A6.1: Schematic of the single PEM fuel cell assembly 
 
Figure A6.2: End plate made of glass-
based         Figure A6.3: Stainless steel plate  













Figure A6.4: Cathode current collector and       Figure A6.5: Liquid silicone sheet with    






Figure A6.6: Glass-based laminate sheet   Figure A6.7: Membrane electrode assembly 








Figure A6.8: Liquid silicone sheet without Figure A6.9: Anode current collector and  






Figure A6.10: Top view of assembled         Figure A6.11: Front view of assembled 




Figure A6.12: Generation of hydrogen gas using NaBH4 and distilled water 
 
Figure A6.13: Close-up of temperature chamber  
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Figure A6.15: Polarization curves for different operating temperatures 
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2. Aug 2007 to May 2008 
 Student : Mr. Chan Chun Ta 
 Project Title : TS27 : Design and Experimental Characterization of a Proton 
























                      (c) Widen parallel cathode                                (d) Perforated cathode 
 
Figure A6.16: New flow channel designs 
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Figure A6.16: Experimental rig 
Sample Results 
Figure A6.17: Polarization curves for different flow channel designs 
 
